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Measurement  Techniques  for  High  Enthalpy 
and  Plasma  Flows 

(RTO  EN-8) 


Executive  Summary 

The  RTO  AVT/VKI  Special  Course  on  “Measurement  Techniques  for  High  Enthalpy  and  Plasma  Flows” 
gathered  specialists  in  this  area  from  Europe,  USA  and  Russia  who  combined  their  efforts  to  produce  this 
comprehensive  set  of  notes.  The  following  topics  were  covered:  a  review  of  various  high  enthalpy  and 
plasma  flow  facilities,  intrusive  and  non  intrusive  measurement  techniques  for  the  characterization  of  flows 
generated  in  these  facilities  and  the  utilization  of  plasma  facilities  for  the  evaluation  of  material  catalysis 
properties. 

Most  of  the  facility  types  presently  used  to  generate  high  enthalpy  flows  were  reviewed.  The  first  class  of 
facilities  currently  used  in  the  USA  and  in  Europe  are  the  arc  jet  type  where  the  test  gas  is  heated  through 
an  electric  discharge  between  electrodes.  In  this  case,  high  levels  of  enthalpy  can  be  achieved  for  moderate 
levels  of  stagnation  pressures  (typically  up  to  100  bars).  With  respect  to  shock  tube  facility,  arc-jet  facilities 
provide  a  longer  run  time.  In  order  to  increase  the  Reynolds  number  while  maintaining  a  level  of  enthalpy 
relevant  for  flight  conditions,  the  combination  of  a  free  piston  gun  tunnel  and  a  shock  tube  was  developed. 
The  facility  produces  a  high  Reynolds  number  and  high  enthalpy  flow  field  over  a  very  short  time  (typical 
of  a  shock  tube  level).  In  most  of  the  previously  discussed  facilities,  some  particulate  matter  or  residual 
electrode  materials  are  present  in  the  flow  and  may  affect  the  determination  of  material  catalysis.  The 
approach  taken  by  Russian  scientists  for  this  particular  issue  is  to  use  an  inductively  coupled  plasma 
generator  which  produces  very  clean  plasma.  However,  since  the  flow  conditions  are  subsonic  and 
correspond  to  a  low  Reynolds  value,  a  methodology  of  extrapolation  of  the  plasmatron  facility  to  flight 
conditions  was  presented. 

In  all  the  facilities  presented,  there  is  a  considerable  need  for  assessment  of  flow  field  properties  to  support 
numerical  modeling  of  high  enthalpy  flows  in  its  transposition  to  flight  conditions.  Accessing  the  details  of 
the  flow  field  (composition,  state  of  the  species,  velocity,  temperatures  ...)  requires  an  important  investment 
in  measurement  techniques.  The  adaptation  of  intrusive  measurement  techniques  to  high  enthalpy  flow 
facilities  which  provide  macroscopic  information  (pitot  pressure  and  stagnation  heat  flux)  were  presented. 
These  techniques  provide  a  good  initial  screening  for  the  determination  of  flow  properties  which  require 
further  development  using  non-intrusive  measurement  techniques.  Techniques  starting  with  pyrometry  for 
the  measurement  of  material  sample  temperature,  to  more  sophisticated  techniques  based  on  spectroscopy 
(emission,  absorption,  laser  induced  emission)  were  discussed  in  their  application  to  arc  jet,  free  piston 
shock  tunnel  and  inductively  couple  plasma  facilities. 

As  illustrated  by  the  requirements  in  terms  of  flow  physics  modeling  at  the  beginning  of  the  course,  non- 
intrusive  measurement  techniques  are  essential  for  the  qualification  of  numerical  modeling.  It  was 
illustrated  that  the  assessment  of  flow  properties  is  not  only  important  for  validation  of  numerical  modeling 
but  also  in  the  analysis  of  material  catalysis.  Consequently,  a  continuous  effort  should  be  devoted  to  the 
improvement  and  application  of  those  techniques  in  high  enthalpy  and  plasma  flow  facilities.  In  particular, 
problems  associated  with  flow  thermal  and  chemical  non-equilibrium  require  more  detailed  information  on 
the  state  of  the  species,  the  vibrational  /  chemical  coupling,  which  require  even  more  refined  information  on 
the  flow. 

The  material  assembled  in  this  report  was  prepared  under  the  combined  sponsorship  of  the  RTO  AVT  Panel, 
the  Consultant  and  Exchange  and  the  Partnership  for  Peace  Programmes  of  RTO  and  the  von  Karman 
Institute  (VKI)  for  Fluid  Dynamics.  We  wish  to  thank  all  the  lecturers  for  their  outstanding  work,  as  well  as 
the  organizers  of  RTO  and  VKI. 
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Techniques  de  mesure  pour  les  ecoulements  de 
plasma  et  les  ecoulements  a  haute  enthalpie 

(RTO  EN-8) 


Synthese 


Le  cours  special  RTO/AYT  «  Techniques  de  mesure  pour  les  ecoulements  a  haute  enthalpie  et  les  plasmas  » 
a  reuni  des  specialistes  europeens,  americains  et  russes  dans  ce  domaine  qui  ont  mis  leurs  efforts  en 
commun  pour  produire  ces  notes  detaillees.  Les  sujets  suivants  ont  ete  traites:  revue  des  souffleries  a  haute 
enthalpie  et  a  plasma,  des  techniques  de  mesures  intrusives  et  non  intrusives  utilisees  pour  la  caracterisation 
de  ces  ecoulements  et  utilisation  des  souffleries  a  plasma  pour  1’ etude  des  proprietes  catalytiques  des 
materiaux. 

La  plupart  des  types  d’ installations  utilisees  pour  generer  des  ecoulements  a  haute  enthalpie  ont  ete  passees 
en  revue.  Une  premiere  classe  d’ installations  utilisees  frequemment  aux  USA  et  en  Europe  est  du  type 
soufflerie  a  arc  dans  laquelle  le  gaz  est  chauffe  grace  a  un  arc  electrique  entre  deux  electrodes.  Dans  ce  cas, 
des  niveaux  importants  d’ enthalpie  peuvent  etre  atteints  pour  des  niveaux  de  pression  d’ arret  modestes  (de 
Tordre  de  100  bars).  Par  rapport  aux  tubes  a  choc,  les  souffleries  a  arc  offrent  un  temps  d’essai  plus  long. 
De  maniere  a  accroitre  le  nombre  de  Reynolds  tout  en  gardant  un  niveau  d’ enthalpie  significatif  par  rapport 
aux  conditions  de  vol,  la  combinaison  d’une  soufflerie  a  piston  libre  et  d’un  tube  a  choc  a  ete  developpee. 
Cette  installation  genere  un  ecoulement  a  haute  enthalpie  avec  un  nombre  de  Reynolds  eleve  mais  avec  une 
duree  d’essai  tres  courte  (typique  d’un  tube  a  choc).  Dans  la  plupart  des  installations  decrites  jusqu’ici,  des 
particules  ou  des  residus  de  matiere  provenant  des  electrodes  sont  presents  dans  1’ ecoulement  et  peuvent 
affecter  la  determination  des  proprietes  catalytiques  des  materiaux  testes.  De  ce  point  de  vue,  l’approche 
des  scientifiques  russes  est  d’utiliser  des  generateurs  de  plasma  de  type  inductifs  qui  produisent  un  plasma 
tres  pur.  Neanmoins,  comme  1’ ecoulement  de  plasma  ainsi  cree  est  subsonique  et  correspond  a  un  bas 
nombre  de  Reynolds,  une  methodologie  d’ extrapolation  des  conditions  du  plasmatron  vers  le  vol  a  ete 
presentee. 

Dans  toutes  les  installations  presentees,  il  y  a  un  important  besoin  de  connaissance  des  proprietes  de 
l’ecoulement  pour  supporter  la  modelisation  numerique  dans  sa  transposition  aux  conditions  de  vol. 
Acceder  aux  details  de  1’ ecoulement  (composition  chimique,  etat  des  especes,  vitesse,  temperatures  ...) 
necessite  un  investissement  important  dans  les  techniques  de  mesure.  L’adaptation  des  techniques  de 
mesure  intrusives  aux  souffleries  a  haute  enthalpie  et  a  plasma  qui  foumissent  des  informations 
macroscopiques  (pression  pitot  et  flux  de  chaleur  au  point  d’ arret)  a  ete  presentee.  Ces  techniques 
permettent  une  bonne  premiere  approche  decrivant  les  conditions  d’ ecoulement  qui  cependant  necessite  un 
approfondissement  en  utilisant  des  techniques  de  mesure  non  intrusives.  Ces  techniques,  en  commengant 
par  la  pyrometrie  pour  la  mesure  de  temperature  de  surface  d’echantillon  de  materiau  puis  les  techniques 
plus  sophistiquees  basees  sur  la  spectroscopie  (emission,  absorption,  emission  induite  par  laser)  ont  ete 
discutees  dans  leur  application  aux  souffleries  a  arc,  aux  tubes  a  choc  a  compression  par  piston  et  aux 
generateurs  a  plasma  par  induction. 

Comme  mis  en  evidence  par  les  besoins  en  termes  de  modelisation  physique  au  debut  du  cours,  les 
techniques  de  mesure  non-intrusives  sont  essentielles  dans  le  processus  de  qualification  des  modeles 
numeriques.  Comme  illustre  dans  ce  cours,  une  meilleure  connaissance  des  ecoulements  a  haute  enthalpie 
n’est  pas  uniquement  necessaire  pour  la  validation  numerique  mais  aussi  dans  le  processus  d’ analyse  des 
proprietes  catalytiques  des  materiaux.  En  consequence,  un  effort  continu  et  soutenu  est  necessaire  pour  le 
developpement  et  1’ application  de  ces  techniques  dans  les  souffleries  a  haute  enthalpie  et  a  plasma. 

Les  notes  assemblies  dans  ce  rapport  ont  ete  preparees  grace  au  concours  du  panel  RTO/AVT  des 
programmes  RTO  des  Consultants  et  des  echanges  et  du  Partenariat  pour  la  Paix,  et  de  l’lnstitut  von 
Karman  (IVK)  de  dynamique  des  fluides.  Nous  voulons  remercier  tous  les  conferenciers  pour  l’excellent 
travail  qu’ils  ont  accompli  ainsi  que  les  organisateurs  du  RTO  et  de  1’IVK. 
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ABSTRACT 

Characteristics  of  IPG  series  plasmatrons  as  well  as 
there  application  for  reentry  simulation  and  testing  of 
thermal  protection  materials  are  discussed  in  the 
presented  paper  on  the  basis  of  35-years  experience  of 
Plasma  Laboratory  of  IPM  RAS.  Successful  application 
of  plasmatrons  for  simulation  of  reentry  conditions  and 
testing  of  thermal  protection  materials  is  based  on  using 
of  plasmatron’s  advantages  such  as  purity  of  plasma 
flow,  its  high  stability,  excellent  reproducibility  as  well 
as  wide  ranges  of  realized  pressure  and  heat  flux.  Using 
of  subsonic  regimes  together  with  plasmatron’s  ability 
for  independent  smooth  regulation  of  regime 
parameters  such  as  pressure  and  power  injected  in 
plasma  make  a  plasmatron  the  most  flexible  and 
powerful  instrument  for  simulation  of  thermochemical 
action  of  shock  layer  on  the  surface  of  descent  space 
vehicle,  especially  when  it  is  necessary  to  solve 
problems  concerned  radiative  &  convective  heating 
and/or  non-equilibrium  heat  transfer.  To  the  present 
day  long-term  aging  tests  (up  to  100  15-minutes  testing 
cycles  for  one  sample)  in  dissociated  gas  flow  were 
fulfilled  only  using  plasmatrons.  Also  there  are 
discussed  tests  of  ablative  thermal  protection  materials, 
studies  of  thermo-chemical  interaction  between 
dissociated  flows  and  reusable  thermal  protection 
materials  as  well  as  some  «non-space»  applications  of 
plasmatrons  as  deposition  of  diamond  films  and  testing 
of  industrial  materials  on  heat  shock. 


1.  INTRODUCTION:  ADVANTAGES  OF 
INDUCTION  PLASMATRONS 

In  world  practice  gas  heating  by  electric  energy,  enjoy 
wide  application  for  the  simulation  of  re-entry 
conditions  to  test  reusable  thermal  protection  materials. 
However  traditional  methods  like  ohmic  heating  and 
electric  arc  heating  don't  give  needed  performance 
characteristics.  Ohmic  heaters  do  not  allow  to  reach 
high  temperatures  and  electric  arc  heaters  pollute  gas 
flow  by  products  of  electrodes  erosion.  On  the  contrary 
induction  method  of  gas  heating  most  completely  fits 
the  requirements  of  simulation  of  physical  parameters 
of  hypersonic  vehicles  aerodynamic  heating. 

Discharge  device  of  a  plasmatron  includes  two  main 
elements  -  quartz  tube,  that  is  used  as  discharge 
channel  and  induction  coil  (inductor),  on  which  runs 
high-frequency  current,  that  induces  circular  currents  in 
discharge.  In  such  device  there  are  no  electrodes,  which 


are  the  main  source  of  flow  contamination  and 
disturbancies  in  arc-jet  facilities.  Discharge  in  subsonic 
flow  of  air,  discharge  channel  and  inductor  of  the 
powerful  plasmatron  IPG-3  are  presented  in  Fig.l. 


Figure  1.  Inductively  coupled  plasma  in  the  IPGS 
plasmatron  (discharge  channel  diameter  -  200  mm). 

In  the  plasmatrons  of  IPG  series  hot  gas  does  not 
contact  with  discharge  channel  wall  due  to  flow  vortex 
in  discharge  channel  and  that  ensures  high  purity  of 
plasma  flow.  Also  flow  vortex  makes  discharge  very 
stable  in  wide  range  of  pressure  and  discharge 
existence  is  not  limited  in  time. 

Induction  plasma  generators  have  a  high  ability  to 
simulate  aerodynamic  heating  of  hypersonic  vehicles. 
Due  to  using  contactless  heating  of  gas  flow  by 
induction  current,  these  facilities  create  exceptionally 
pure  plasma  flow  of  any  gases  also  they  show  high 
stability  and  excellent  reproducibility  of  regimes.  Last 
but  not  least  advantage  of  a  plasmatron  is  the  feasibility 
to  make  long-term  aging  tests  in  real  time.  Taken 
together,  these  advantages  make  induction  plasma 
generators  best  suited  to  fulfill  aging  tests  of  reusable 
thermal  protection  materials.  Besides,  using  of  pure 
subsonic  plasma  jets  allows  to  simulate  most  precisely 
thermochemical  action  of  shock  layer  plasma  on 
thermal  protection  materials  of  descent  space  vehicles. 
In  particular,  plasmatrons  give  an  opportunity  to 


Paper  presented  at  the  RTO  AVT  Course  on  “Measurement  Techniques  for  High  Enthalpy  and  Plasma  Flows”, 
held  in  Rhode-Saint-Genese,  Belgium,  25-29  October  1999,  and  published  in  RTO  EN-8. 
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simulate  flight  conditions  such  as  total  enthalpy  and 
pressure,  temperature  and  concentrations  profiles 
within  boundary  layer  and  hence  heat  flux  and  surface 
temperature. 


2.  PLAMATRONS  OF  THE  IPG  SERIES:  STEP  BY 
STEP 

During  the  last  35  years  four  induction  plasma 
generators  of  IPG-series  have  been  created  in  IPM 
under  the  supervision  of  Dr.  M.  Yakushin.  Electrodeless 
high  frequency  discharge  in  gas  flow  was  used  in  these 
facilities  for  generation  of  subsonic  and  supersonic  high 
enthalpy  jets  of  air  and  other  gases.  The  progress  of  the 
IPG  plasmatrons  followed  the  directions  of  the  increase 
of  power,  discharge  channel  diameter,  total  pressure 
range,  making  it  possible  to  use  different  gases.  Table  1 
shows  main  characteristics  of  IPG  facilities,  which 
were  in  use  previously  (IPG-1,  IPG-2)  and  which  are  in 
operation  now  (IPG-3,  IPG-4).  Compared  to  first 
generation,  existing  plasmatrons  increase  15  times  in 
power,  3  orders  of  magnitude  in  pressure  range. 

The  following  technical  problems  were  solved  during 
the  creation  of  the  IPG  facilities: 

•  a  compromise  between  energy  and  gas  dynamics 
parameters  was  established; 

•  excellent  stability  and  reproducibility  of  operation 
regimes  were  achieved; 

•  tube  generator  was  agreed  upon  plasma  load; 

•  quartz  discharge  channels  and  gas  injection  system 
were  designed  to  withstand  operation  without  any 
forced  cooling; 

•  effective  methods  for  plasma  ignition  were 
developed. 

One  of  the  main  aims  of  IPG  series  development  was  to 
ensure  high  working  ability  and  high  reliability  in 
operation  for  all  parts  and  elements  of  facilities  due  to 
using  of  reliable  approaches  which  are  as  simple  as 

Table  1.  Main  parameters  of  the  IPG  plasmatrons 


possible  as  well  as  schemes  and  principles  verified  by 
experience.  Vertical  orientation  of  discharge  channel 
with  plasma  flow  directed  upward  has  been  applied  for 
all  four  facilities  and  it  allowed  to  avoid  problems 
concerned  operation  at  high  pressures  where 
Archimedean  forces  disturb  discharge  oriented 
horizontally  but  gasdynamic  stabilization  is  not  so 
effective  as  at  low  pressures.  The  problems  were  solved 
successfully  to  make  a  choice  of  optimal  conceptual 
sketches,  materials  for  manufacturing  and  commercial 
equipment  of  general  use.  Units  and  elements  of 
facilities  have  been  designed  to  keep  high  reliability 
under  heavy  duty  operation  conditions  including  joint 
action  of  high  temperature,  chemically  active  gases, 
low  pressure,  significant  radiative  &  convective  heat 
fluxes,  high-frequency  electromagnetic  fields,  which 
are  attended  by  phenomena  caused  by  skin-effect. 

To  secure  the  safe  working  conditions  for  maintenance 
personnel  reliable  means  of  protection  have  been 
designed  in  the  facilities  of  IPG  series. 

Particular  attention  has  been  given  to  IPG  facilities 
universality,  which  allows  among  other  things  quick 
going  from  subsonic  to  supersonic  operation  mode  and 
vice  versa.  The  time  of  this  conversion  is  about  a  few 
minutes.  So  samples  and  models  could  be  changed 
quickly  between  testing  cycles  during  aging  tests  of 
thermal  protection  materials  and  full-scale  design 
elements. 

The  IPG-1  facility  vas  used  for  the  simulation  of 
convective  &  radiative  heat  transfer  from  chemically 
equilibrium  boundary  layer  to  the  surface  at 
atmospheric  pressure.  Ablative  materials  for  reentry 
vehicles  «Voskhod»,  «Soyuz»,  «Zond-4»,  «Luna-16» 
were  investigated  at  the  intensive  blowing  of  vapor  into 
initial  air  plasma  flow  [1-8].  Also  the  first  into  initial 
air  plasma  flow  [1-8],  Also  the  first 


Parameters 

■ 

Electric  power  supplied  to 
plasmatron,  kW 

60 

90 

1000 

100 

Generator  anode  power  supply, 
kW 

30 

60 

750 

80 

Frequency,  MHz 

11 

17 

0.44 

1.76 

Discharge  channel,  mm 

60 

60 

150-200 

80 

Snagnation  pressure,  atm 

1,0 

0,05-1,0 

0,01-0,3 

0,01-1,0 

Gas  mass  flows  rate,  g/s 

1,2 

2-3 

8-11 

2-5 

Working  gases 

Ar,  Air,  C02 

Air,  N2,  02, 

Air,  N2 

Air,  N2,  02,  C02,  Ar, 
C02+N2+Ar, 
Ar+organic  gases 
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experiments  with  planet  atmospheres  as  working  gases 
were  carried  out  using  this  facility.  The  outward 
appearance  of  the  IPG-1  is  shown  in  Fig.2. 


Figure  2.  The  outward  appearance  of  the  IPG-1 
plasmatron  (1963-1977). 

Expanded  programme  of  testing  was  realized  in  the 
EPG-2  during  Buran  programme  and  samples  (30  mm 
diameter)  of  black  ceramic  tile  [9-11]  and  different 
types  of  carbon-carbon  materials  with  antioxidative 
coatings  were  subjected  aging  tests  with  duration  up  to 
100  cycles.  5  coatings  for  ceramic  tile  and  about  50 
coatings  for  carbon-carbon  materials  were  put  through 
the  IPG-2  facility.  Non-equilibrium  convective  heat 
transfer  from  dissociated  air,  oxygen  and  nitrogen  flows 
to  thermal  protection  materials  was  studied  using 
the  IPG-2  at  pressures  P  =  0.05-1.0  atm  and  main 
results  on  catalycity  of  Buran’ s  thermal  protection 
materials  were  obtained  using  this  facility  [9,  12-16]. 
The  outward  appearance  of  the  IPG-2  is  shown  in 
Fig.3. 

The  main  problem  solved  using  the  IPG-3  facility  is 
laboratory  testing  of  full-scale  ceramic  tile  and  other 
full-scale  design  elements  under  conditions 
corresponding  to  the  peak  heating  part  of  "Buran's"  re¬ 
entry  trajectory  [9-11, 17]. 

The  IPG-3  plasmatron  of  1  MW  class  is  the  most 
powerful  facility  of  the  IPG  series.  Its  outward 
appearance  is  shown  by  Fig.4. 

The  creation  of  the  IPG-4  facility  introduces  radical 
alteration  in  the  plasmatron  technology  of  IPM.  The 
IPG-4  facility  fully  corresponds  to  modem 
requirements  in  performances  and  potentialities,  and 
permits  to  solve  wide  spectrum  of  problems  in 
experimental  high  temperature  gas  dynamics.  The 
fundamental  difference  of  IPG-4  from  preceding 
facilities  of  the  IPG  series  is  that  the  opportunity  was 
realized  for  the  first  time  to  obtain  stable  high-  enthalpy 
jets  in  the  pressure  range  P  =  0.01-1.0  atm  at  constant 
gas  enthalpy.  Pressure  and  enthalpy  (H  =  10-40  MJ/kg) 
can  be  regulated  smoothly.  It  allows  to 


Figure  3.  The  outward  appearance  of  the  IPG-2 
plasmatron  (1977-1989). 


Figure  4.  The  outward  appearance  of  the  IPG-3 
plasmatron  (1983-....). 

vary  the  degree  of  the  disequilibrium  of  dissociated 
boundary  layer  on  the  model  from  frozen  to 
equilibrium.  It  makes  it  possible  to  extend  the  area  of 
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trajectory  parameters  simulation  for  the  hypersonic 
vehicles  in  existence  and  under  consideration. 

Up  to  now  the  IPG-4  plasmatron  is  ((working  horse»  of 
Plasma  Lab.  Due  to  its  universality  and  low  cost  of 
exploitation  the  IPG-4  is  in  operation  practically  every 
day.  It  was  used  to  make  test  campaigns  for 
ESTEC/ESA,  Aerospatiale,  SEP  and  many  others  as 
well  as  to  study  surface  catalycity  and  non-equilibrium 
heat  transfer  in  different  dissociated  gases  [18-25].  The 
outward  appearance  of  the  IPG-4  is  given  in  Fig.5. 


Figure  5.  The  outward  appearance  of  the  IPG-4 
plasmatron  (1989-....). 


3.  MODERN  PLASMATRONS 
OF  THE  IPG  SERIES 

The  IPG-3  and  the  IPG-4  plasmatrons  meet  modem 
requirements  to  facilities  for  the  testing  of  hypersonic 
vehicle  thermal  protection.  These  requirements  are 
derived  from  the  necessity  to  work  on  the  following 
problems: 

•  the  investigation  of  the  thermochemical  stability  of 
thermal  projection  materials  under  conditions 
modeling  aerodynamic  heating; 

•  the  determination  of  the  catalytic  properties  of 
surfaces  at  high  temperatures; 

•  the  study  of  ablative  materials  including  intensive 
radiative  &  convective  heating  at  high  pressures  (up 
to  1  atm  and  higher) 

•  the  experimental  and  numerical  studies  of  plasma 
flow  in 

*  discharge  channels  of  induction  plasma 
generators; 

*  sub-  and  supersonic  non-equilibrium  high 
enthalpy  jets; 

*  dissociated  boundary  layers  over  models; 

•  synthesis  of  new  coatings  in  high  enthalpy  jets  of 


carbon-hydrate-  containing  gases  by  using  chemical 
vapor  deposition  (CVD). 

The  IPG-3  and  the  IPG-4  plasmatrons,  which  are  in 
operation  now,  differ  in  their  technical  potentialities 
and  it  leads  to  different  application. 

The  IPG-3  facility  is  used  to  solve  problems  of 
practical  character,  i.e.  testing  of  working  capacity  of 
large-scale  samples  of  thermal  protection  materials  and 
full-scale  (150-500  mm)  elements  of  thermal  protection 
system  of  «Bor»,  «Buran»  and  advanced  hypersonic 
vehicles  as  follows.  High-enthalpy  air  flows  were  used 
for  testing  of  full-scale  ceramic  tile  with  its  real 
fastening  to  skin  imitator  (100  testing  cycles  of  10- 
minutes  duration  of  each  cycle  at  T  =  1250°C),  ceramic 
tile  in  simulated  non-standard  situations,  full-scale  part 
of  man-hole  cover  with  window,  light-weight  structures 
of  carbon-carbon  with  antioxidative  coating 
(200  x200  mm,  2  mm  thickness)  as  well  as  large 
samples  of  thermal  protection  materials  (diameter 
-100  mm). 

The  IPG-4  application  is  directed  to  research  works,  for 
example,  non-equilibrium  heat  exchange  between  high- 
enthalpy  dissociated  flows  and  different  surfaces  such 
as  metals,  quartz,  ceramics,  carbon-carbon  materials 
with  antioxidative  coatings.  Database  was  created  on 
catalytic  properties  of  thermal  protection  materials. 
Also  thermochemical  stability  of  thermal  protection 
materials  have  been  studied  including  determination  of 
maximum  working  temperatures  of  TPM,  making  aging 
tests,  studies  of  surface  degradation  together  with 
changes  of  surface  emissivity  and  catalycity  as  the 
functions  of  temperature  and  time.  Comparative  study 
was  made  on  Buran’s  materials  behavior  in  different 
dissociated  gas  environments. 

Consider  the  design  of  the  IPG-4  facility.  Schematic 
diagram  of  test  chamber  in  Fig.  6  (see  next  page)  and. 
schematic  diagram  of  IPG-4  facility  with  its 
infrastructure  and  scientific  equippment  are  shown  in 
Fig.7. 

Test  chamber  consists  of  low  pressure  test  chamber 
shell,  inductor  chamber,  induction  heater,  fast 
positioning  device,  instrument  positioning  device, 
water-cooled  shields. 

Test  chamber  shell  is  designed  to  produce  and  to 
maintain  specified  pressure  under  the  effect  of  high 
temperature  and  chemically  active  gas  environment,  as 
well  as  to  protect  maintenance  personnel.  The  shell  of 
cylindrical  form  is  made  one-sectional.  It  is  equipped 
with  elliptic  bottoms,  man-holes  with  corresponding 
covers,  mating  units,  optical  windows  and  lead-in  for 
high  frequency  feeder. 
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Figure  6.  Conceptual  sketch  of  the  IPG-4  facility.  1  -  test  chamber,  2  -  load  matching  unit  of  RF-generator,  3  -  RF- 
generator  unit,  4  -  main  control  panel,  5  -  control  panel  of  cooling  system,  6  -  plasma-water  heat  exchanger,  7  - 
vacuum  line,  8  -  vacuum  pump,  9  -  exhaust  line,  10  -  shadow  instrument  "IAB-458",  11  -  pyrometer,  12  -  AGA-780 
infrared  thermovision  system,  13  -  monochromator,  14  -  grating  spectrograph,  15  -  Fabry-Perot  scanning 
interferometer,  16  -  data  logging  system  ORION-3530, 17  -  videocamera. 


Figure  7.  Conceptual  sketch  of  the  test  chamber  of  the 
IPG-4  facility.  1-  low  pressure  test  chamber  wall,  2  - 
inductor  chamber,  3  -  nozzle  unit,  4  -  discharge 
channel,  5  -  ignition  device,  6,7  -  positioning  devices,  8 
-  cooled  shields. 


Inductor  chamber  contains  5-tums  inductor  and 
discharge  channel.  That  is  designed  to  provide 
atmospheric  pressure  around  an  inductor.  In  addition, 
water-cooled  walls  of  inductor  chamber  is  a  shield  from 
powerful  electromagnetic  field,  which  is  generated  by 
inductor. 

Induction  heater  includes  discharge  channel,  gas  feed 
unit,  top  and  bottom  interfaces  and  nozzle  unit  (if  it  is 
necessary). 

Discharge  channel  and  gas  feed  unit  are  designed  for 
making  optimal  gas  flow,  which  guarantees  the 
maintenance  of  stable  steady  state  discharge  in  gas 
flow. 

Nozzle  unit  is  designed  for  forming  and  accelerating  of 
plasma  jet  up  to  supersonic  or  high  subsonic  velocities. 
Conical  supersonic  nozzles  do  not  used  in  the  IPG-4 
facility,  since  jet  diameter  (at  available  capacity  of 
vacuum  system)  is  too  small  for  testing  of  typical 
samples  of  15-30  mm  diameters.  However  application 
of  sonic  nozzles  with  critical  section  diameters  15- 
40  mm  allow  to  make  such  tests.  Also  it  should  be 
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emphasized,  that  when  developing  nozzle  unit  for 
the  IPG-2  facility  it  was  observed  experimentally 
instability  of  discharge  under  operation  with  supersonic 
nozzle.  To  eliminate  this  effect  gas  injection  system 
and  discharge  channel  of  the  IPG-2  were  renovated  to 
obtain  stable  discharge.  This  experience  was  used  in 
the  design  of  the  IPG-4  facility  and  instability  was  not 
observed  in  this  on. 


Criterion  of  discharge  stability  for  operation  in  supersonic  regime 
was  found  at  simple  and  rough  assumptions:  (i)  discharge  is  vortex 
stabilized  (not  by  water-cooled  walls  of  discharge  channel) 
(ii)  plasma  volume  is  more  lesser  than  volume  of  discharge  channel 
including  gas  supply  pipe  up  to  inlet  valve,  and  (Hi)  pressure  drop 
between  inlet  section  of  nozzle  and  valve  is  to  be  more  lesser  than 
pressure  drop  on  valve.  This  criterion,  which  was  used  to  obtain 
stable  discharge,  is  presented  by  formula: 
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where  GOI,i  -  mass  flow  through  sonic  section  of  supersonic  nozzle, 
G,„  -  mass  flow  through  inlet  valve,  P  -  pressure  in  discharge 
channel,  ti  -  V/v  (V  -  volume  between  inlet  valve  and  critical 
section  of  nozzle,  v  -  volume  flow  of  gas  through  discharge  channel 
in  stable  regime ),  ti  -  time  of  discharge  expansion  from  channel 
axis  to  its  wall  in  motionless  gas,  a  -  value  depending  on  design  of 
inductor,  discharge  channel  and  on  way  gas  injection  into 
discharge  channel,  etc.  One  can  easily  obtain  from  presented 
criterion  that  17/ r?  -  V/G  and  to  increase  stability  of  discharge  one 
has  to  decrease  V,  to  increase  mass  flow  rate  of  gas  and  as  well  as 
to  use  inlet  valve  operating  in  subsonic  regime,  etc. 


Top  and  bottom  interfaces  are  intended  for  fastening  of 
discharge  channel  and  gas  feed  unit  to  test  chamber  and 
inductor  chamber. 

Positioning  devices  are  designed  to  insert  models  and 
gauges  into  plasma  jet,  to  withdraw  these  ones  after 
measurements  or  tests,  as  well  as  to  move  them 
smoothly  along  and  across  a  jet  during  measurements. 
Two-direction  positioning  device  allows  to  move  the 
holder  with  gauges  along  X,  Y,  directions.  Express 
positioning  device  allows  to  move  a  model  or  a  sample 
into  specified  position  in  the  jet  and  to  withdraw  them. 
Introducing  and  withdrawing  times  of  express 
positioning  device  are  about  1  s.  Both  devices  allow  to 
move  sample/probe  along  jet  axis  during  experiment. 

Water-cooled  shields  were  designed  to  protect  test 
chamber  wall  from  hot  gas  and  they  are  mounted  along 
walls  inside  the  shell 

Gas  supply  system  of  IPG-4  facility  allows  to  use 
different  gases.  This  system  includes  control  section 
and  gas  flow  control  panel.  The  panel  is  placed  so  that 
to  guarantee  convenient  observation  and  control. 

Evacuation  and  exhaustion  system  is  designed  for  (i) 
the  producing  of  specified  pressure  in  the  test  chamber, 
(ii)  the  cooling  of  hot  gases,  which  were  heated  in 
discharge,  before  evacuation,  (iii)  the  exhaustion  of 
cool  evacuated  gases  into  atmosphere.  The  conceptual 


sketch  of  this  system  includes  the  following  units:  gas 
cooler,  water-cooled  vacuum  pipeline,  vacuum 
pipeline,  control  and  stop  valves,  exhausting  fan. 

Plasma-water  heat  exchanger  is  designed  for  the 
cooling  of  hot  gas  flowing  out  from  test  chamber.  The 
cooler  represents  water-gas  heat  exchanger  which  is 
made  of  corrosion-resistant  materials.  It  is  equipped 
with  gauges  to  measure  and  to  control  gas  and  water 
temperatures. 

Water-cooled  vacuum  pipeline  is  placed  between  test 
chamber  and  gas  cooler.  Vacuum  pipeline  has  anti¬ 
vibration  inserts,  which  are  placed  near  vacuum  pumps 
to  protect  vacuum  pipeline,  gas  cooler  and  test  chamber 
from  the  adverse  action  of  pumps  vibrations.  All  above- 
mentioned  units  are  made  of  corrosion-resistant 
material. 

Plunger  vacuum  pump  has  got  capacity  of  0.3  m3/s  at 
P-  0.01  atm.  There  is  an  opportunity  to  connect 
vacuum  systems  of  the  IPG-4  and  IPG-3  facilities  and 
to  use  all  three  pumps  with  total  capacity  1 .3  m3/s 

Control  and  stop  valves  are  made  of  corrosion-resistant 
materials.  They  have  remotely  operated  drive. 

The  exhausting  fan  of  corrosion-resistant  design  is 
placed  external  to  room  in  exit  part  of  exhaust  line. 

Cooling  system  is  used  for  water  cooling  of  different 
elements  of  other  systems  such  as  inductor  chamber, 
nozzle  unit,  heat  exchanger,  vacuum  pipelines,  tube  of 
RF-generator  etc.  Each  cooled  element  has  got 
individual  cooling  surcuit  that  is  equipped  with 
rotameters  and  thermometers.  Thermometers  are 
mounted  in  inlet  and  outlet  cooling  water  pipelines  to 
measure  water  temperature  and  mass  flow.  Such 
simple,  cheap  and  reliable  system  allows  to  make 
complete  calorymetry  of  the  facility.  Electronic 
flowmeters  and  thermocouples  are  used  to  measure 
inlet  and  outlet  parameters  of  cooling  waterfor  in 
precise  scientific  measurements  (heat  flux,  enthalpy) 
together  with  computer  data  logging  system. 

Tube  generator  is  used  as  power  supply  system.  The 
automatically  operated  switch  connects  the  tube 
generator  to  the  commercial  power  supply  line  (380  V, 
50  Hz,  3  phases).  Commercial  tube  generator  is  based 
on  the  powerful  generator  triode  «TY -66A»,  which  is  of 
100  kW  power  at  10  kV  voltage  across  an  anode. 
Combined  air-water  cooling  is  used  for  this  tube.  Tube 
generator  includes  electric  circuits,  which  transform  the 
voltage  of  commercial  power  supply  line  (50  Hz)  into 
high  frequency  voltage  (1.76  MHz).  Among  these  are 
voltage  controller,  anode  transformer,  high  voltage 
rectifier,  anode  circuit.  Anode  voltage  controller  allows 
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to  vary  rectified  and  stabilized  anode  voltage  between  0 
and  9.5  kV.  High  voltage  transformer  (380/8400  V)  is 
of  100  kW  power.  The  variation  of  tube  generator 
power  is  realized  by  fine  controlled  linkage  between 
anode  circuit  and  load  circuit.  Load  circuit  includes  the 
bank  of  capacitors  and  5-tums  water-cooled  induction 
coil  (so-called  inductor),  which  is  made  of  copper  tube. 
Load  circuit  is  tuned  to  the  frequency  1.76  MHz  under 
operation  conditions. 


Subsonic  and  supersonic  flows  created  by  the  IPG-4 
plasmatron  are  shown  in  Fig.8. 


a)  b) 


Figure  8.  Subsonic(a)  and  supersonic(b)  air  plasma 
jets  of  the  IPG-4  facility. 

Conceptual  schcetch  of  the  IPG-3  facility  is  similar  in 
general  to  that  one  of  the  IPG-4.  One  of  the  most 
significant  distinctions  between  the  two  facilities  is 
conceptual  sketch  of  test  chamber.  To  ensure 
atmospheric  pressure  around  inductor  small  inductor 
chamber  is  used  in  the  IPG-4  (test  chamber  diameter 
800  mm),  but  in  the  IPG-3  test  chamber  of  1200  mm 
diameter  is  divided  into  two  chambers  of  law  and 
atmospheric  pressure  by  thick  flange. 

Complex  diagnostics  of  physical  parameters  of  high- 
enthalpy  dissociated  gas  flows  in  plasmatrons  of  the 
IPG  series  includes  experimental  and  numerical 
techniques  as  follows: 

•  measurements  of  heat  fluxes  to  model  surface  using 
stationary  water-cooled  calorimeters; 

•  total  enthalpy  measurements  using  enthalpymeter 
with  gas  sampling; 

•  measurements  of  total  pressure  profiles  using  water- 
cooled  Pitot  tubes; 

•  spectrometric  temperature  measurements  in 
discharge  and  in  high-temperature  core  of  subsonic 
flows; 

•  pyrometric  measurements  of  surface  temperature  of 
samples  surfaces  in  the  range  Tw  =  300-2200  K 


using  optical  pyrometers  (k=  0.55-0. 65pm)  and 
infrared  thermovision  systems  (A.  =  3.5-10.8  pm); 

•  numerical  calculations  of  free  subsonic  flow  and 
flow  over  models  of  viscous  dissociated  reacting 
gas  using  Navier-Stokes  equations  at  M « 1  as 
well  as  numerical  calculations  of  non-equilibrium 
boundary  layer  on  a  surface  of  the  models  under 
conditions  of  experiments  in  plasmatrons. 

Data  of  subsonic  high-enthalpy  dissociated  flow 
diagnostics  are  considered  carefully  in  cited  literature. 
A  summary  Table  2  shows  parameters  of  subsonic  high 
enthalpy  air  jets,  which  have  been  realized  in  the 
facilities  of  the  IPG  series  which  are  in  operation  now. 
These  subsonic  jets  most  closely  correspond  to  the 
requirements  of  hypersonic  heat  transfer  simulation  at 
blunt  body  tip-nose  radius  R  ~  1  m. 


Table  2.  Parameters  of  subsonic  high  enthalpy  air  jets 


Parameters 

IPG-3 

IPG-4 

Generator  anode  power 
supply,  kW 

60-750 

15-80 

Total  enthalpy,  MJ/kg 

10-40 

10-40 

Total  pressure,  atm 

0,01-0,3 

0,01  -1,0 

Gas  temperature  near  exit 
section  of  discharge 
channel,  K 

7000-11000 

4500-10500 

Velocity,  m/s 

500-1100 

20  -  950 

Radius  of  test  model,  cm 

1,5-17,5 

0, 5-4,0 

Heat  flux,  W/cm2 

10-1000 

15-600 

Reynolds  number 

50-150 

50  -  200 

Mach  number 

0,2-0, 5 

0,02  -  0,5 

Efficiency,  % 

55 

40-64 

4.  TESTS  OF  ABLATIVE  MATERIALS  UNDER 
RADIATIVE  &  CONVECTIVE  HEATING 

The  first  experiments  with  real  heat  protection 
materials,  which  have  been  made  35  years  ago,  were 
tests  of  ablative  materials  under  radiative  &  convective 
heating.  These  works  established  metodology,  technical 
approach  and  main  specific  features  of  tests  in  IPM. 

First  of  all,  from  the  very  beginning  there  were  no 
attempts  to  obtain  maximally  possible  Mach  and 
Reynolds  numbers,  but  it  was  realized  simulation  of 
thermochemical  action  of  shock  layer  plasma  on 
material  near  stagnation  point  using  subsonic  plasma 
flows  at  M«l.  Enthalpy,  pressure  and  velocity 
gradient  in  stagnation  point  were  chosen  as  close  as 
possible  to  those  in  real  flight.  To  obtain  radiative  heat 
flux  close  to  that  in  flight  the  length  of  discharge  and 
jet  was  chosen  close  to  typical  thickness  of  shock  layer. 
Complete  simulation  theory  for  non-equilibrium 
convective  heat  transfer  in  stagnation  point  was 
developed  significantly  later  in  80 ’s  years  and  later  [26- 
28]. 
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Experiments  were  carried  out  at  atmospheric  pressure 
and  condition  at  the  axis  of  equilibrium  air  plasma  flow 
were  as  follows:  H  =  40MJ/kg  (T  =  8500  K),  V  = 
30  m/s.  Total  heat  flux  to  stagnation  point  of 
hemispherical  water-cooled  model  of  30  mm  diameter 
was  400  W/cm2  with  radiative  heat  flux  -30%  of  this 
value.  Maximum  surface  temperature  of  tested  samples 
achieved  —3000  K.  Main  directions  of  work  were 
investigations  of  spectra  of  pure  air  plasma,  spectra  of 
boundary  layer,  temperature  and  species  concentration 
profiles  across  boundary  layer,  determination  of 
spectral  absorption  coefficients  of  pure  air  plasma  and 
destruction  products  of  ablative  materials  injected  in 
boundary  layer. 


Of  coarse,  effective  enthalpy  determination  together 
with  other  measurements,  which  are  conventional  for 
ablative  materials,  have  been  applied  to  many  different 
candidate  materials  and  materials  used  in  real  flights. 


Sample  of  ablative  material  tested  in  high-enthalpy  air 
flow  of  the  IPG-1  facility  is  shown  in  Fig.9.  Profiles  of 
temperature  and  species  concentrations  across 
boundary  layer  on  ablative  material  used  in  real  flights 
are  given  in  Figure  10  and  Figure  1 1  respectively. 


Figure  9.  Ablative  material  in  air  plasma  flow  of  the 
IPG-2  facility  (note,  that  plasma  flow  at  atmospheric 
pressure  and  temperature  8500  K  is  not  seen  near  very 
bright  boundary  layer!). 


Figure  1 0.  Temperature  distributions  across  the 
boundary  layer  on  ablative  material. 

1-3  -  rotational  temperatures  determined  by  N2  and 
N2+ ,  4  -  vibrational  temperature  determined  by  CN 
molecule. 


•  Si  /  xMg  I  □  Mu  I  m  C  l  A  Fe  I 
oAl  I  xCal  ok/  +  Na/  ACN 


Figure  11.  Relative  concentration  of  species  across  the 
boundary  layer  on  ablative  material. 
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5.  TESTING  OF  REUSABLE  THERMAL 
PROTECTION  MATERIALS  AND  FULL- 
SCALE  ELEMENTS  OF  THERMAL 
PROTECTION  SYSTEMS 

S.LAgiog  tests  of  carbon-carbon  materials  with 
antioxidative  coatings 

Aging  tests  of  carbon-carbon  materials  with 
antioxidative  coatings  were  carried  out  using 
the  IPG-2,  the  IPG-3  and  the  IPG-4  facilities.  Main 
parameters  of  those  were  presented  above.  The  IPG-2 
facility  was  main  test  instrument  for  testing  of  small 
samples  during  Buran  program  to  obtain  temperature, 
pressure  and  time  dependencies  of  mass  loss  rate. 
The  IPG-3  facility  was  used  to  test  large  samples  or 
full-scale  structures.  The  IPG-4  facility  is  used  now 
instead  of  disassembled  IPG-2. 

All  experiments  were  carried  out  using  stagnation 
point  configuration  at  constant  anode  power  of 
generator.  Used  models  was  cylindrical  with  flat  ends 
and  samples  were  about  half  model  diameter.  It 
guaranteed  the  uniformity  of  heat  flux  to  heated  surface 
of  sample.  The  difference  between  maximum  and 
minimum  temperatures  over  front  sample  surface  did 
not  exceed  20°C  even  for  large  samples.  The  samples 
were  of  disk  form  of  2-10  mm  thickness.  The  designed 
holders  and  models  allowed  samples  to  be  removed 
from  model  between  the  cycles  of  testing  for  visual  and 
microscopic  inspection,  photographing  and  weighing. 
Duration  of  each  testing  cycle  varied  from  10  to  30 
minutes  in  different  test  programmes  and  corresponded 
to  specified  time  of  peak  heating  part  of  the  reentry 
trajectory. 

First  aging  tests  of  carbon-carbon  material  with 
different  SiC  based  antioxidative  coatings  were  made  in 
1980  and  two  samples  withstood  100  testing  cycles  of 
15  minutes  duration  at  P  =  0.06  atm  and  initial  surface 
temperature  1500°C  in  the  IPG-2  facility.  Time 
dependencies  of  sample  mass  and  surface  temperature 
for  the  best  sample  of  the  lot  in  question  are  presented 
in  Fig.  12. 

One  can  see  from  Fig.  12,  that  surface  temperature  of 
sample  decreases  with  number  of  cycles.  Special  study 
showed  that  this  effect  is  caused  by  decrease  of  surface 
surface  catalicyty  due  to  silica  layer  formation  on  front 
surface  of  the  sample  as  a  result  of  plasma-flow 
interaction  but  not  change  of  surface  emissivity.  The 
samples  with  other  coatings  of  the  same  branch  showed 
that  thin  cracks  of  coating  results  in  increase  of  mass 
loss  rate,  but  the  other  coatings  demonstrated  effect  of 
self-healing  even  when  hole  of  0.5  mm  diameter  was 
made  in  the  coating  by  powerful  CCVlaser. 


0  25  50  75  N,cyd. 

Figure  12.  Mass  loss  in  15-minutes  testing  cycle  of 
carbon-carbon  sample  with  antioxidative  SiC-based 
coating. 

Carbon-carbon  material  with  glass-silicide 
antioxidative  coating  which  was  used  for  manufacturing 
of  nose-cap  and  leading  edges  of  Buran  and  of  coarse  it 
was  subjected  systematic  study.  The  antioxidative 
glass-silicide  coating,  which  is  based  on  high-melting 
borosilicate  glass  doped  with  MoSi2,  was  developed  by 
NIIGrafit  for  deposition  on  siliconized  C-C  materials 
[29], 

30-cycles  aging  tests  were  carried  out  using  the  IPG-2 
and  the  IPG-3  facilities.  In  the  IPG-2  facility  tests  were 
made  at  constant  surface  temperature  1480  C  and 
pressure  100  hPa.  In  the  IPG-3  facility  tests  were  made 
at  constant  pressure  16  hPa  anode  power  of  HF- 
generator  325  kW.  It  corresponded  to  surface 
temperature  1500°C  in  the  beginning  of  the  first  testing 
cycle.  Time  dependencies  of  mass  loss  rate  during  30- 
cycles  aging  tests  are  shown  in  Fig.  13  (see  next  page). 
One  of  the  curves  corresponds  to  test  of  samples  of  30 
mm  diameter  in  the  IPG-2  facility  and  the  other  one 
shows  data  obtained  in  the  IPG-3  facility  at  average 
temperature  Tw=  1477°C,  which  was  found  over  all  test 
cycles.  Taking  into  account  pressure  dependence  of 
mass  loss  rate  and  influence  of  scale  factor  two 
presented  curves  are  in  acceptable  agreement. 

The  result  of  thermochemical  action  of  dissociated  air 
is  seen  in  Fig.  14  which  shows  the  coating  surface  on 
front  and  back  sides  of  the  sample.  Note,  that  back  side 
of  the  sample  had  practically  the  same  surface 
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Figure  13.  Mass  loss  rate  of  siliconized  carbon-carbon 
material  with  glass-silicide  coating  as  a  function  vs  the 
number  of  10-minutes  test  cycles. 

1-  the  IPG-2  facility,  sample  of  30  mm  diameter  Tw= 
1480°C,  P  =  0.1  atm,  2-  the  IPG-3  facility,  sample  of 
84  mm  diameter  Tw~  1480,  P  =  0.016  atm 


b) 


Figure  14.  Surface  of  antioxidative  glass-silicide  coating 
for  Buran’s  nose  cap  after  30  10-minutes  testing  cycles 
at  Tw~  145CPC  (SEM  photo),  a  -  front  surface  of  the 
sample  exposed  to  dissociated  air,  b  -  rear  surface  of  the 
same  sample  after  testing. 


temperature  as  front  surface  but  it  was  exposed  to 
stagnant  non-dissociated  air  since  fibrous  material  was 
used  for  back  side  thermal  insulation.  As  a  result  back 
side  surface  is  practically  identical  to  initial  surface  state 
before  test. 

5.2.  Testing  of  material  of  thermal  protection  tile 

Careful  study  of  properties  of  tile  material  described  in 
[30]  were  carried  out  using  the  IPG-2  facility  including 
100-cycles  test  of  one  sample,  studies  of  coating 
degradation  in  for  different  surface  temperatures  and  in 
different  gas  environments.  However  the  most  important 
results  was  obtained  very  simply.  Comparison  of  tile 
surface  morphology  after  one  testing  cycle  and  after  one 
real  flight  of  Bor-4  vehicle  showed  identical  changes  (see 
Fig.l5a,b).  And  plasmatron  was  the  only  test  facility  that 
demonstrated  this  effect! 


b) 


Figure  15.  Tile  coating  surface  after  one-cycle  test  in 
plasmatron  (a)  and  after  real  flight  of  «Bor-4»  (b). 

5.3  Tests  of  full-scale  thermal  protection  tile 

Testing  of  full-scale  black  ceramic  tile  was  carried  out  in 
the  IPG-3  facility.  Experiments  were  performed, 
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using  air,  at  pressure  0.026  atm,  total  flow  enthalpy 
17.3  MJ/kg,  and  surface  temperature  at  the  center  of 
front  surface  of  tile  1 250°C. 

The  surface  temperature  distribution  was  derived  from 
infrared  thermovision  system  data.  Tiles  were  mounted 
into  the  cylindrical  sample  holder  of  the  same  material 
so  that  the  tile  surface  was  perpendicular  to  the  axis  of 
symmetry  of  the  subsonic  jet.  The  model  was 
configured  to  simulate  all  designated  features  of  the  tile 
heat  protection.  Up  to  100  cycles  of  tile  testing  were 
conducted,  with  each  cycle  being  10  minutes  long.  The 
front  surface  of  the  tile,  which  was  initially  black, 
became  grey  after  testing  as  a  result  of  repeated 
exposure  to  the  dissociated  air  flow.  This  "surface 
greying  eftect",  which  results  in  decreasing  the  total 
hemispherical  emissivity  e*,  was  studied  later  and  its 
thermochemical  nature  was  found.  Surface  degradation 
was  caused  by  interaction  of  the  tile  coating  material 
with  atoms  of  oxygen.  Tile  before  testing  together  with 
tiles  after  1  and  100  testing  cycles  are  shown  in  Fig.  16. 
Note,  that  tile  after  100  cycles  is  grey  but  not  black, 
however  its  total  hemispherical  emissivity  at  1250°C 
decreased  non-significantly. 


Figure  16.  Full-scale  Bur  an’ s  ceramic  tiles  with  black 
glassy  coating:  a  -  before  testing,  b  -  after  1  testing 
cycle,  c  -  after  100  testing  cycles. 

Tile  surface  study  performed  with  a  scanning  electron 
microscope  (SEM)  showed  that  the  near  surface  layer 
of  the  tile  coating  changes  with  the  increasing  of  testing 
time.  Open  pores  were  generated  in  the  near  surface 
layer  after  the  only  cycle  of  testing.  The  development 
of  the  near  surface  porous  layer,  as  the  number  of 
testing  cycles  increases,  is  illustrated  by  the  SEM 
photographs  in  Fig.17.  Test  conditions  were  Tw= 
1250°C  and  P  =  0.026  atm. 

The  maximum  and  average  thickness  of  the  near 
surface  porous  layer  depends  on  the  number  of  testing 
cycles,  as  shown  in  Fig.  18  (one  can  see  all 
experimental  points  are  in  good  agreement  with  square 
root  dependence  besides  100-cycle  point  of  maximum 
thickness).  In  spite  of  these  changes  in  near  surface 
layer,  the  tile  did  not  acquire  any  fissures  or  shape 
changes,  even  after  1000  minutes  of  exposure  to  the 
high  temperature  dissociated  air.  The  results 


demonstrate  the  important  requirement  that  the  surface 
catalytic  activity,  with  respect  to  heterogeneous 
recombination  of  nitrogen  and  oxygen  atoms,  remain 
constant  after  the  1 00-cycle  exposure  testing. 


Figure  1 7.  Section  of  black  tile  coating  after  30  testing 
cycles  at  7j„  =  1250°C,  xcycie  =  600  s. 


Figure  18.  Maximum  and  average  pore  layer  thickness 
as  a  functions  of  testing  cycle  number  (P  =  lOOmbar, 
Tw  =  125(fC,  TCyCie  -  600  s). 

Full-scale  elements  of  thermal  protection  systems 

The  greatest  model  (0525  mm)  ever  tested  in  the  IPG- 
3  plasmatron  is  full-scale  window  of  Buran’s  manhole 
cover  with  its  fastening  and  nearest  tiles.  Window 
includes  three  glasses  with  heat  reflecting  coatings  on 
rear  sides.  Photo  of  this  model  before  test  is  shown  in 
Fig.  19  (see  next  page). 

Because  manhole  cover  is  located  on  the  side  of 
vehicle,  heat  fluxes  to  this  element  are  not  high  and 
model  axis  was  arranged  at  angle  -70°  to  flow  axis. 
The  choice  of  regime  was  made  by  heat  flux  using  thin 
black  heat  protection  tile  which  covered  glass  of 
window.  Surface  temperature  was  measured  by  infrared 
thermovision  system  and  heat  flux  was  determined  by 
stationary  surface  temperature.  In  experiments 
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maximum  temperature  of  front  surface  of  quartz  glass 
achieved  800°C. 


Figure  19.  The  greatest  model  (0525  mm)  tested  in  the 
IPG-3  plasmatron  -  full-scale  window  of  Buran’s 
manhole  cover  before  testing. 

Since  flow  around  model  and  flow  around  window  in 
flight  differ  significantly  and  therefore  temperature 
fields  differ  significantly,  too,  main  aim  of  experiment 
was  to  verify  method  of  calculation  of  window,  but  not 
to  simulate  real  heating  curve.  That’s  why  tests  were 
fulfilled  in  regimes  with  constant  pressure  and  power  at 
specified  constant  heat  flux.  Surface  temperature  of 
quartz  glass  were  measure  by  thermovisor  and 
temperatures  of  inner  surfaces  -  by  thermocouples.  It 
was  found  that  measured  and  calculated  curves  are  in 
good  agreement. 

The  greatest  full-scale  carbon-carbon  light-weight 
structures  tested  in  the  IPG-3  plasmatron  have  got 
dimension  220x220  mm.  These  elements  were  tested  in 
cylyndrical  mask  of  350  mm  diameter  and  tests  were 
made  in  stagnation  point  configuration. 

5.4.  Simulation  of  non-standard  situations 

The  non-standard  situations,  which  are  possible  during 
the  exploitation  of  reusable  thermal  protection 
materials,  are  sufficiently  different  and,  moreover,  the 
most  dangerous  situations  are  different  for  various 
types  of  materials.  The  simulation  of  non-standard 
situations  using  plasma-jet  facilities  requires  much 
more  ingenuity  than  the  routine  tests,  and  individual 
approach  is  necessary  for  each  situation.  As  a  rule,  the 
careful  analysis  of  a  wide  range  of  fine  physical  and 
chemical  effects  is  required  for  the  correct  design  of 
experiment.  Sometimes  the  experiment  in  plasmatron  is 
the  last  step  in  the  long  sequence  of  investigations, 
which  include  complicated  computer  calculations  and 
hypersonic  wind  tunnel  experiments.  It  should  be 
emphasized,  that  neither  numerical  modeling  nor  wind 
tunnel  experiment  are  not  able  to  give  the  total  solution 
of  the  problem. 


Non-standard  situations  for  heat  protection  materials  of 
"Buran"  have  been  simulated  in  the  IPG-3  facility, 
because  it  gives  the  opportunity  to  test  full-scale  tiles. 
However,  advance  thermal  protection  elements  can 
have  considerably  larger  dimensions,  than  existing  tiles. 
In  this  case  it  is  impossible  to  test  real-scale  thermal 
protection  elements  and  the  IPG-4  facility  can  be 
acceptable  choice  when  simulation  can  be  realized 
using  models  lesser  than  100  mm  in  diameter. 

The  non-standard  situations,  that  have  been  studied  in 
the  IPG-3  plasmatron,  can  be  subdivided  by  the 
following  manner: 

•  reentry  along  a  trajectory  with  over-design  heating, 
up  to  the  emergency  reentry,  when  a  reusable 
vehicle,  after  saving  the  payload,  loses  it's 
serviceability  (totally  or  partly); 

•  damages  of  thermal  protection  element  coating, 
such  as  a  loss  of  a  part  of  coating,  cracking,  coming 
off  a  substrate; 

•  total  or  partial  loss  of  a  thermal  protection  element; 

•  water  saturation  of  porous  or  fibrous  thermal 
protection  materials; 

•  overequilibrium  heating  of  noncatalytic  coating, 
which  has  been  contaminated  during  exploitation. 

Each  item  of  this  list  deserves  careful  consideration  in 
individual  article  but  hereinafter  we  consider  only  tests 
of  water  saturated  tiles  as  typical  representative  of  kind 
of  tests  in  question. 

Atmospheric  water  influence  on  porous  or  fibrous 
materials  of  heat  shield  is  one  of  the  most  complicated 
problems  during  vehicle  exploitation.  Saturation  of 
such  materials  with  water  will  be  considered  for  the 
example  of  ceramic  tiles.  The  technique  of 
hydrophobization  was  developed  and  tested  in 
exploitation  for  ceramic  tiles  of  "Space  Shuttle". 
However,  it  turns  out,  that  sometimes  the  tiles  have 
contained  water.  In  this  case  it  is  necessary  to 
determine  the  amount  and  the  location  of  water  in  tiles 
(it  is  the  subject  of  a  separate  investigation)  and  to 
predict  correctly  the  behavior  of  tile,  basing  on 
laboratory  experiment  data.  Since  saturation  of  tiles 
with  water  can  lead  not  only  to  coating  coming  off  and 
to  the  loss  of  coating,  but  also  to  the  appearance  of 
inner  damages,  the  residual  strength  of  material  after 
tests  is  important  criterion. 

Obviously,  water  contained  in  tiles  freezes  at  putting  a 
vehicle  into  orbit  and  becomes  ice.  The  difference 
between  thermal  expansion  coefficients  of  tile  material 
and  ice  can  lead  to  the  rupture  of  material  fibers  during 
further  cooling  and  heating,  which  cause  the  decrease 
of  material  strength. 

The  essential  aspect  should  be  emphasized:  ice  can  be 
produced  in  tiles  not  only  during  putting  into  orbit,  but 
also  at  a  launch  position.  In  this  case  mechanical 
properties  of  ice,  and,  possibly,  predicted  behavior  of 
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tiles  considerably  differs  from  the  those  in  previous 
case. 

The  use  of  literature  data  on  mechanical  properties  of 
ice  can  lead  to  the  great  mistakes  in  prediction,  since 
even  under  the  nature  conditions  there  are  more  than  20 
kinds  of  ice  with  different  characteristics.  Structure  and 
properties  of  ice  essentially  depend  on  a  large  number 
of  parameters,  such  as  temperature  gradient,  rate  of 
water  cooling,  gas  and  salt  content  of  water,  etc.  It  is 
obvious  that  the  very  specific  kind  of  ice  -  friable  ice, 
which  consists  of  long  needle-shaped  crystals  and  is 
formed  by  vacuum  pumping  of  water  vapors  -  this  ice 
differs  essentially  from  routine  kinds  of  ice  by  it's 
structure  and  properties.  Therefore,  during  tests  of 
water-saturated  tiles  careful  simulation  of  pressure 
decrease  rate  is  important  as  well  as  the  rate  and 
conditions  of  cooling,  corresponding  to  possible 
situations  at  launch  position. 

One  more  important  aspect,  which  can  be  easily 
overlooked  at  cursory  analysis  of  the  problem,  is 
chemical  composition  of  water.  The  fact  is  that  alkaline 
metals,  contained  in  water  as  salts,  and  primarily  K  and 
Na,  are  deposited  on  fibers  surface  at  the  vaporization 
of  water  during  reentry.  These  metals  have  extremely 
high  diffusion  coefficients  in  silicate  glasses,  which 
leads  to  their  quick  propagation  over  the  whole  volume 
of  fibers  at  high  temperature.  The  increase  of  K  and  Na 
content  in  silica  leads  to  the  decrease  of  its  softening 
temperature  and  to  the  material  shrinkage,  especially  in 
case  of  tiles,  repeatedly  saturated  with  water. 
Therefore,  water  with  the  chemical  composition, 
corresponding  to  the  composition  of  rainfall  at  the 
location  of  launch  position,  should  be  used  in  the 
experiments  with  tiles,  multiply  saturated  with  water. 
The  mentioned  examples  demonstrate  clearly  the  main 
problems  associated  with  testing  of  water-saturated 
tiles.  Besides,  there  are  some  technical  problems,  which 
have  been  resolved.  For  example,  practically  all 
vacuum  pumps  "don't  like"  water  vapors,  etc. 

Tiles  saturated  with  30,  100,  300  and  500  g  of  water 
were  tested  under  different  conditions  of  freezing  but  in 
the  same  regime:  Tw=  1250°C  (for  «dry»  tyle), 
P=0.026  atm,  rcyde  =  10  min.  It  was  found  that  only  in 
one  experiment  at  500  g  of  water  was  observed 
additional  coating  damage  due  to  ice  vaporization.  In 
all  other  test  coating  was  not  damaged  and  residual 
tension  strength  of  tiles  was  found  the  same  as  before 
tests.  Temperature  field  was  measured  by  infrared 
thermovision  system  and  time  dependencies  of 
maximum,  average,  and  minimum  surface  temperatures 
for  tile  containing  30  g  of  water  are  presented  in  Fig.20. 
Note,  that  maximum  surface  temperature  at  water  vapor 
blowing  from  tile  surface  is  higher  than  without 
blowing. 


Figure  20  Time  dependencies  of  maximum,  average, 
and  minimum  surface  temperatures  for  tile  containing 
30  g  of  water. 

6.  STUDY  OF  THERMOCHEMICAL  PLASMA- 
SURFACE  INTERACTION 

Optical  spectral  analysis  is  one  of  the  most  promising 
methods  for  the  study  of  plasma  action  on 
reusable/non-ablative  thermal  protection  materials 
(TPM).  Although  optical  spectra  of  destruction 
products  of  reusable  thermal  protection  materials  are 
“poor”  (in  contrast  to  “rich”  spectra  of  destruction 
products  of  ablative  materials),  they  give  reasonably 
good  possibilities  to  study  physiochemistry  of  plasma- 
material  interaction.  Application  of  spectral  analysis 
makes  it  possible  to  observe  in  situ  degradation  of 
antioxidative  coatings  during  aging  tests  of  any 
duration  and  analysis  of  boundary  layer  spectrum 
permits  to  find,  what  kinds  of  species  are  at  a  loss  from 
substrate/coating  during  test,  to  see  time  dependencies 
of  those  losses  etc. 

Many  essential  features  of  thermochemical  action  on 
thermal  protection  material  by  dissociated  air  flow  may 
be  found  using  optical  spectra  analysis  in  combination 
with  making  tests  in  different  plasma  environments 
such  as  air,  nitrogen,  oxygen  and  argon.  As  a  rule  mass 
loss  of  carbon-carbon  materials  with  antyoxidation 
coating  is  generally  resulted  from  the  oxidation  but 
atomic  oxygen  is  essentially  more  active  than 
molecular.  Comparative  study  of  optical  spectra  of 
boundary  layer  allows  to  understand  what  components 
are  arisen  in  boundary  layer  due  to  thermal 
vaporization  and  what  components  are  arisen  in 
boundary  layer  due  to  thermochemical  action  of  the 
initial  flow.  Obviously,  above  mentioned  approach  is  to 
be  combined  with  data  on  temperature,  pressure  and 
time  dependencies  of  mass  loss  rate,  as  well  as  photos 
of  surface  obtained  using  SEM  etc. 

Consider  two  examples  of  spectral  analysis  application 
for  study  of  plasma-material  interaction.  Emission 
optical  spectra  were  obtained  during  tests  of  C-C 
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material  with  glass-silicide  coating  in  dissociated  air 
and  nitrogen  flows.  All  experiments  were  carried  out  at 
constant  pressure  P  =  1 00  hPa  using  the  IPG-4  facility. 

More  than  20  rather  intensive  spectral  lines  of 
molybdenum  were  found  when  sample  was  exposed  to 
dissociated  air  flow.  Also  sensitive  lines  of  BI,  Sil, 
Mnl,  KI,  Nal  were  observed  in  boundary  layer 
overflowed  by  dissociated  air  flow.  Note,  that  simple 
qualitative  chemical  analysis  gives  two  interesting 
results.  Specially  made  plasma  jet  tests  showed  that 
there  are  no  even  weak  sensitive  lines  of  molybdenum 
while  sample  is  exposed  to  dissociated  nitrogen  flow 
but  lines  Nal,  KI,  BI,  Sil  were  found  in  these  spectra. 
These  result  suggest  that  molibdenum  atoms  arising  is 
caused  by  the  thermochemical  action  of  oxygen  but  the 
other  components  arise  in  boundary  layer  due  to 
thermal  evaporation.  The  band  of  wavelength  377-394 
nm,  containing  sensitive  lines  of  molybdenum 
MoI379.83  nm,  MoI386.41  nm  and  MoI390.30  nm,  is 
shown  in  Fig.21  for  dissociated  air  flow  (a)  and 
dissociated  nitrogen  flow  (b). 

N*  391.44  (0-0) 


material  with  glass-silicide  coating,  but  at  the  same 
time  intensities  of  other  lines  of  main  components  of 
the  coating  such  as  silicon  and  boron  don’t  demonstrate 
such  behaviour  as  it  is  seen  from  Fig.22. 


391.44  (0-0) 
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Figure  21.  Spectra  of  boundary  layer  over  surface  of 
glass-silicide  coating  (XX  -  337-394  nm). 
a  -  dissociated  air  flow,  b  -  dissociated  nitrogen  flow. 

So,  one  can  make  conclusion  that  it  is  atomic  oxygen 
that  causes  such  damages  to  coating.  The  most  effective 
way  of  molybdenum  loss  is  associated  with  the 
oxidation  of  MoSi2  followed  by  evaporation  of 
exceptionally  volatile  molybdenum  oxides  and  it  is  one 
of  the  leading  mass  loss  processes. 

It  was  found  later,  that  intensities  of  molybdenum  lines 
in  boundary  layer  become  unstable  before  the 
beginning  of  catastrophic  destruction  of  the  C-C 


Figure  22.  Time  dependencies  of  sensitive  lines 
intensities  of  different  atoms  which  appeared  in 
boundary  layer  due  to  coating  degradation. 

As  it  is  seen  from  Figure  22,  intensities  of  lines  of 
silicon  and  boron  before  the  beginning  catastrophic 
destruction  are  enough  stable  and  those  begin  to 
increase  only  with  the  increase  of  surface  temperature. 
At  the  same  time  intensity  of  molybdenum  line  begin  to 
pulse  ~1 0  s  before  the  beginning  of  catastrophic 
destruction.  Peak  intensities  can  be  2-3  times  higher 
than  its  quasi-stationary  level.  There  is  no  such  peaks  at 
usual  operating  temperatures,  they  appear  only  before 
destruction.  This  result  shows  that  destruction  is  caused 
by  intensive  oxidation  of  MoSi2  particles,  containing  in 
the  coating,  by  atomic  oxygen  from  oncoming  flow. 

At  the  same  time  observable  peaks  shows,  that  before 
boiling  heavy  oxidation  is  blocked  time  by  time  with 
formation  of  protective  film  of  oxides,  and  finally  it 
becomes  so  strong,  that  the  formation  of  film  does  not 
realized.  So,  study  of  specific  features  in  behavior  of 
boundary  layer  over  tested  sample  before  catastrophic 
destruction  allowed  to  obtain  new  information  on 
mechanism  of  destruction  even  for  well-known  material 
&  coating.  Of  coarse,  this  approach  is  mostly  fruitful 
for  new  TPM/coatings. 

Thus,  it  was  found,  that  before  catastrophic  destruction 
one  can  find  few  peaks  of  molybdenum  lines  intensity. 
There  is  no  any  peaks  at  usual  operating  temperatures. 
100%  repeatability  in  appearance  of  those  peaks  allows 
to  consider  them  as  «spectral  precursors))  of 
catastrophic  destruction. 
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Study  of  spectral  precursors  of  catastrophic  destruction 
can  be  easily  made  practically  in  each  laboratory, 
working  on  TPM  testing  in  plasma  jets.  First  of  all,  it 
can  give  important  information  about  physico-chemical 
processes,  that  initiate  catastrophic  destruction  of  tested 
reusable  TPM.  Of  coarse,  that  information  can  be  used 
to  improve  tested  material. 


7.  STUDY  OF  NON-EQUILIBRIUM  HEAT 
TRANSFER 

One  of  most  important  fields  of  activity  in  Plasma  Lab 
of  IPM  is  a  study  of  non-equilibrium  heat  transfer.  This 
works  were  initiated  by  programs  of  development  of 
space  planes  «Space  Shuttle»  and  «Buran»,  since  peak 
reentry  heating  of  these  vehicles  depend  significantly 
on  surface  catalycity  of  thermal  protection  materials. 
Really,  heat  flux  to  full-catalytic  surface  near 
stagnation  point  is  greater  by  several  fold  than  heat  flux 
to  non-catalytic  surface.  It  required  to  renovate  old  and 
to  develop  new  methods  of  catalycity  determination. 

Experimental  &  theoretical  method  of  surface  catalicity 
determination  developed  in  IPM  is  based  on 
comparison  of  measured  heat  fluxes  to  tested  material 
with  results  of  numerical  heat  flux  calculation  where 
effective  probability  of  heterogeneous  recombination  is 
varying  parameter.  Main  specific  features  of  used 
approach  were  as  follows.  Fist,  catalytic  tests  were 
carried  out  under  simulated  reentry  conditions  which 
are  as  close  as  possible  to  flight  conditions.  Second, 
codes  for  numerical  calculations  were  specially 
developed  for  treatment  of  experimental  results 
obtained  in  subsonic  jets  of  plasmatrons. 

Method  of  catalycity  determination  is  described  in 
individual  article  of  Dr.Kolesnikov  in  the  present 
Lecture  Series. 

8.  TESTS  IN  PLANETARY  ATMOSPHERES 

First  reusable  light-weight  thermal  protection  materials 
for  spaceplanes  were  developed  in  the  frames  of 
Shuttle’  and  Buran’  programmes.  Ultralight-weight 
fibrous  heat-insulative  and  carbon-carbon  materials 
became  available  and  now  they  are  not  too  expensive. 
Successful  exploitation  showed  their  high  reliability. 
Joint  influence  of  all  these  circumstances  allowed  to 
formulate  a  question  about  possible  application  of  new 
materials  in  advanced  planetary  probes  instead  of 
conventional  ablative  materials.  However,  in  the 
absence  of  blowing  one  has  to  consider  possible 
influence  of  heterogeneous  recombination  on  heat  flux. 
Taking  into  account,  that  Martian  atmosphere  is 
rarefied,  such  influence  is  very  possible.  Actually, 
calculations  presented  in  [  ]  showed,  that  heat  flux 
distributions  over  front  surface  of  entry  vehicle  depends 


significantly  on  surface  catalycity  in  relation  to 
reactions  C0+0-*C02  and  O+O— >02. 

Since  1996  to  1999  Plasma  Lab  of  IPM  together  with 
TsAGI,  TsNIIMASH  and  IM  MSU  have  participated  in 
Project  036  of  International  Scientific  and  Technology 
Center  intended  for  development  of  heat  protection 
system  for  interplanetary  flight  and  IPM  team  was 
responsible  for  determination  of  surface  catalycity 
under  conditions  of  entry  into  Martian  atmosphere. 

That  is  why  first  of  all  it  is  necessary  to  obtain  of 
stable,  steady-state  jets  of  C02-plasma  and  to  expand 
operating  envelope  of  the  facility  as  far  as  possible. 
That  first  step  is  one  of  the  key  points  in  work  on 
catalycity  determination,  because  without  highly 
developed,  stable,  steady-state  regimes  of  facility  it  is 
very  difficult  (or  impossible)  to  obtain  reliable 
experimental  data  on  heat  transfer. 

When  developing  plasmatron  operation  with  new 
working  gas,  the  main  aim  in  fist  stage  is  to  clarify 
basic  possibilities  of  facility,  i.e.  to  obtain  operating 
envelope  in  coordinates  ((pressure  -  power».  Operating 
envelope  in  these  coordinates  is  one  of  the  main 
characteristics  of  plasma  jet  facility  (arc-jets  and 
plasmatrons),  because  that  one  is  determined  by  basic 
properties  of  used  generator  and  pumping  system,  but 
together  with  test  chamber  they  are  just  these  parts  of 
facility  which  are  the  most  conservative  and  difficult 
for  renovation.  For  example,  operating  envelopes  in 
coordinates  ((pressure  -  heat  flux  to  catalytic/non- 
catalytic  wall»  can  be  easily  changed  by  changing  of 
model’s  form  and  dimension,  by  change  of  model’s 
position  in  a  jet  and,  finally,  by  using  of  new  design 
decision  of  discharge  device  as  a  last  measure. 

Practically,  the  most  difficult  task  is  to  obtain  at  least 
one  stable,  steady-state  regime.  If  that  one  is  available, 
success  of  step-by-step  procedure  of  operating 
envelope  expansion  is  generally  a  matter  of  time. 
Pressure  100  hPa  and  moderate  anode  power  ~40kW 
were  selected  as  start  point  for  work  on  determination 
of  operation  envelope  in  C02,  because  existing 
geometry  of  discharge  channel  was  developed  to  be 
optimal  for  operation  in  air  at  100  hPa,  and  moderate 
power  allows  to  have  enough  power  to  support 
discharge  existence  on  one  hand  and  to  avoid  quick 
overheating  of  discharge  channel  on  other. 

Mass  flow  rate  of  carbon  dioxide  G  =2.8  g/s  was  used 
in  first  experiments,  because  excellent  results  were 
obtained  with  that  value  in  air.  Later,  G=1.8  g/s  was 
found  as  optimal  value.  Criteria  of  mass  flow  rate 
optimization  were  the  following:  (1)  good  quality  of 
plasma  jet,  (2)  absence  of  discharge  channel 
overheating  and  (3)  ranges  of  parameters  (P,  N^.), 
where  foregoing  conditions  are  fulfilled,  are  to  be  as 
wide  as  possible.  To  clarify  first  point,  it  should  be 
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noted,  that  visible  length  of  jet  was  used  to  estimate 
plasma  jet  quality  in  first  experiments,  because  it  is 
known  that  quick  destruction  of  jet  does  not  allow  to 
have  high  heat  flux  to  a  model.  As  to  third  criterion,  it 
is  very  important  to  have  a  feasibility  to  obtain  pressure 
and  power  dependencies  of  heat  flux,  dynamic  pressure 
etc.  instead  of  individual  points,  since  it  allows  to  avoid 
rough  mistakes  and  to  ensure  clear,  understandable 
presentation  of  results.  Mass  flow  optimization  allowed 
to  realize  stable  discharge  without  limitation  in 
operation  time  in  wide  range  of  pressure  and  power. 

Operating  envelope  in  coordinates  «pressure  -  anode 
power»  is  shown  in  Fig.23  for  subsonic  regimes  of 
the  IPG-4  facility  operation  in  C02  atmosphere. 


Na.p.,  kW 


P,  hPa 

Figure  23.  Operating  envelope  in  coordinates  «pres- 
sure  -  anode  power »  for  subsonic  regimes  of  the  IPG-4 
facility  operation  in  C02  atmosphere. 

Presented  data  have  been  obtained  at  mass  flow  of 
carbon  dioxide  1.8  g/s.  This  value  is  optimum  for  the 
IPG-4  facility  operation  with  C02  flow  at  P  <  200  hPa. 
As  it  is  seen  from  Fig.l,  total  range  of  power  regulation 
provided  by  HF-generator  can  be  realized  at  high 
pressures.  At  low  pressures  and  low  currents  (i.e.  low 
power)  simultaneous  influence  of  several  factors 
appears  and  the  border  of  discharge  existence  area 
results  a  curve,  however  in  pressure  range  10-100  hPa, 
i.e.  in  the  range  of  significant  curvature  of  the  border, 
heat  conductivity  is  kept  as  basic  physical  mechanism 
of  discharge  propagation.  The  main  result  that  can  be 
found  from  Fig.l  is  that  operating  envelope  (in 
coordinates  «anode  power  -  pressure»)  is  limited  for 
C02-environment  mainly  by  capacity  of  exhaust  system 
and  regulation  range  of  HF-generator  (1 1-1000  hPa, 
12-76  kW.  So  pressure  range  covers  two  orders  of 
magnitude  and  ratio  between  maximum  and  minimum 
available  levels  of  power  is  about  four. 


significant,  therefore  to  find  such  regimes  is  necessary 
to  make  heat  flux  measurements  with  catalytic  and  non- 
catalytic  calorimeters.  However,  there  was  no 
experimental  data  on  surface  catalycity  in  dissociated 
C02,  so  it  was  necessary  to  find  high-catalytic  and  low- 
catalytic  reference  materials.  In  the  first  stage.  In  the 
first  stage  of  work  copper  was  found  as  material  with 
the  highest  catalycity  [  ]  and  flow  enthalpy  and  velocity 
were  numerically  calculated  by  measured  heat  flux, 
dynamic  and  static  pressure. 

Measured  and  calculated  parameters  for  three  regimes 
of  the  IPG-4  facility  are  given  in  Table  3. 


Table  3.  Parameters  of  regimes  of  the  IPG-4 
plasmatron  operating  with  C02  as  working  gas 


Parameters 

Regimes 

I 

n 

HI 

N,B,kW 

29 

37 

44 

qwCu,  W/cm2 

40 

64 

89 

Pstab  hPa 

100 

100 

100 

Pdvn,  Pa 

10.5 

17.5 

24.5 

H,  MJ/kg 

11.4 

15.3 

18.5 

Te,K 

3180 

3630 

5030 

V,  m/s 

45 

67 

96 

Two  reusable  TPM  were  studied  with  both  materials 
were  used  in  real  reentry  to  Earth  atmosphere.  First  one 
is  Buran’s  ceramic  thermal  protection  tile  with  glassy 
coating  based  on  Si02-B203-SiB4  system  [30]  and 
Buran’s  siliconized  carbon-carbon  material  with  glass- 
silicide  antoxidative  coating  for  carbon-carbon  nose- 
cap  and  leading  edges.  Obtained  effective  probabilities 
are  shown  in  Figure  24. 
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Figure  24 .  Temperature  dependencies  of  effective 
recombination  probabilities  for  tested  materials. 


To  determine  catalycity  it  is  necessary  to  have  available  Mars  atmosphere  in  comparison  with  heat  flux  to  full 

regimes  where  catalycity  influence  on  heat  flux  is  catalytic  surface. 
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9.  ALTERNATIVE  WAYS 

Not  only  problems  concerned  reentry  problem  were 
investigated  in  Plasma  Lab  of  EPM.  Flexibility  of  using 
and  good  control  of  regimes  allowed  to  use  plasmatrons 
for  heat  tests  of  industrial  ceramic  thermal  protection 
materials  and  full-scale  elements  of  industrial  heat 
exchangers  which  must  withstand  heat  shocks  and 
extremal  heat  loading. 

The  other  challenging  direction  of  work  was  deposition 
of  diamond  and  diamond-like  films  using  IPG-4 
plasmatron.  Films  were  deposited  even  in  air  plasma 
flow  and  their  catalycity  was  determined  [31],  but 
unfortunately  these  efforts  did  not  find  financial 
support. 

10.  CONCLUSION:  LESSONS  LEARNED  FROM 
35-YEARS  HISTORY  OF  IPM  PLASMA  LAB 

1.  Experimentalists  working  with  large  facilities 
intended  for  test  support  of  challenging  space 
projects  must  be  good  forecasters,  because  facility 
is  to  be  ready  in  general  before  decision  on  project 
realization. 

2.  To  obtain  good  scientific  results  in  modem  high- 
temperature  gas-dynamics  it  is  necessary  to  unite 
experimentalists  and  theorists  in  one  team  under 
common  supervision. 

3.  To  present  reliable  test  results,  test  laboratory  is  to 
be  independent  on  material  developers  and  vehicle 
designers. 
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ABSTRACT 

An  induction  plasmatron  application  for  testing  of 
thermal  protection  materials  is  discussed  in  presented 
paper  on  the  basis  of  35-years  experience  of  Plasma 
Laboratory  of  IPM  RAS.  Metodology  of  testing  of 
thermal  protection  materials  in  plasmatrons  was  based 
on  simulation  of  hypersonic  reentry  heating  near 
stagnation  point  using  subsonic  plasma  jets,  possibility 
to  regulate  pressure  and  flow  enthalpy  smoothly  and 
independently  of  one  another  and  the  using  of 
plasmatron’ s  advantages  such  as  purity  of  plasma 
flow,  its  high  stability  and  reproducibility  as  well  as 
wide  ranges  of  realized  pressure  and  heat  flux.  Purity 
of  plasma  flow  allows  to  fulfill  long-term  aging  tests 
(up  to  100  15-minutes  testing  cycles  for  one  sample)  at 
excellent  stability  and  reproducibility  flow  parameters. 
Conventional  techniques  of  measurements  and  analysis 
such  as  pyrometry,  SEM  etc.  are  discussed  together 
with  developed  approach  to  study  of  thermochemical 
stability  of  materials  using  complex  application  of 
optical  spectral  analysis,  tests  in  different  gases  and 
methods  of  post  test  analysis. 

1.  INTRODUCTION:  METODOLOGY  AND 
TECHNICAL  APPROACH 

Induction  plasma  generators  are  the  mostly  suited  to 
simulate  aerodynamic  heating  of  hypersonic  vehicles 
when  purity  and  stability  of  plasma  flow  are  necessary 
to  solve  a  problem  in  question.  Owing  to  using 
contactless  heating  of  gas  flow  by  induction  current, 
these  facilities  create  exceptionally  pure  plasma  flow  of 
any  gases  as  well  as  show  high  stability  and  excellent 
reproducibility  of  regimes.  Last  but  not  least  advantage 
is  a  feasibility  to  make  long-term  aging  tests  in  real 
time.  Taken  together,  these  advantages  make  induction 
plasma  generators  best  suited  to  make  aging  tests  of 
reusable  thermal  protection  materials  as  it  was  shown 
in  [1-3].  Besides,  using  of  pure  subsonic  plasma  jets 
make  it  feasible  to  simulate  precisely  such  flight 
conditions  as  total  enthalpy  and  pressure,  a  chemical 
composition  and  species  distributions  within  boundary 
layer,  heat  flux,  surface  temperature,  nonequilibrium 
gas-phase  and  surface  reactions,  i.e.  thermochemical 
action  of  shock  layer  plasma  on  thermal  protection 
materials  near  stagnation  point. 


Methodology  and  technical  approach  for  testing  of 
materials  developed  in  IPM  RAS  includes  the 
following  items: 

•  testing  of  sample  and  foil-scale  elements  of  thermal 
protection  system  in  stagnation  point  configuration, 
but  if  it  is  necessary  to  obtain  very  low  heat  flux  or 
to  test  very  large  model  one  can  use  model 
arrangement  at  an  angle  of  attack; 

•  development  of  test  models  to  make  fastening  and 
heat  insulation  of  rear  side  of  sample  as  close  to  real 
vehicle  as  possible  and  to  assure  easy 
assembling/disassembling  of  model; 

•  choice  of  test  regimes  and  making  of  preliminary 
tests  using  step-by-step  heating; 

•  application  of  different  test  procedure  (constant 
pressure  and  power,  constant  pressure  and  surface 
temperature  or  specified  heating  curve)  for 
differently  directed  test  campaigns; 

•  using  of  optical  methods  for  surface  temperature 
measurements; 

•  application  of  optical  spectral  analysis  together  with 
tests  in  different  gases  for  investigation  of 
thermochemical  stability  of  reusable  thermal 
protection  materials. 

Consider  briefly  above  presented  parts  of  technical 
approach,  that  was  described  in  [4-6]. 

2.  TEST  CONFIGURATIONS 

Two  main  test  configurations  are  presented  in  Fig.la,b 
(see  next  page).  The  first  one  is  classical  stagnation 
point  configuration.  Typical  model  diameters  for 
80  mm  diameter  of  jet  generated  by  plasmatron  are  in 
the  range  45-60  mm.  Stagnation  point  configuration  is 
used  both  for  aging  tests  and  catalycity  determination 
since  it  is  convenient  for  numerical  flow  analysis.  The 
second  one  is  configuration  with  model  arrangement  at 
an  angle  of  attack,  that  is  used  to  test  very  large  sample 
and/or  to  obtain  very  low  heat  flux  to  test  model.  To 
determine  catalycity  in  this  configuration  one  has  to  use 
rough  models  or  to  solve  fulfill  3D  Navier-Stokes 
problem.  The  greatest  model  ever  tested  in  EPM  using 
this  configuration  was  of  525  mm  diameter  at  200  mm 
diameter  of  inlet  section  of  discharge  channel. 


Paper  presented  at  the  RTO  AVT  Course  on  “Measurement  Techniques  for  High  Enthalpy  and  Plasma  Flows”, 
held  in  Rhode-Saint-Genese,  Belgium,  25-29  October  1999,  and  published  in  RTO  EN-8. 
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b) 

Figure  1.  Test  configurations:  a  -  photo  of  test  using 
stagnation  point  configuration,  b  -  configuration  of 
model  arrangement  at  an  angle  of  attack  (1  -  test 
model,  2  -  test  chamber,  3  -  dissociated  air  flow,  4  - 
water-cooled  holder,  5  -  data  loging  system,  6  - 
vacuum  pumps,  infrared  thermovision  system,  8  - 
infrared  window). 

3.  SAMPLES  AND  MODELS 

Conceptual  sketch  of  test  model  used  for  sample  testing 
since  1992  is  shown  on  Fig.2.  This  model  represents 


flat  faced  cylinder  of  50  mm  diameter  with  edge 
rounded  with  1 1 .5  mm  radius. 

HjQ 


It 


Figure  2.  Test  model  for  aging  and  catalytic  tests  in 
stagnation  point  configuration.  Test  model  for  tests  in 
stagnation  point  configuration.  1  -  sample,  2  -  spacer, 
3  -  mask,  4  -  heat  insulator,  5  -  stationary  water-cooled 
calorimeter,  6  -  pin,  7  -  water-cooled  holder. 

Water-cooled  stationary  calorimeter  is  used  for 
measurement  of  heat  loss  from  rear  side  of  sample  to 
water-cooled  holder  and  it  allows  to  use  heat  balance  to 
determine  heat  flux  to  hot  surface  that  is  necessary  for 
catalycity  determination. 

Development  of  the  models  for  testing  of  full-scale 
elements  is  individual  complicated  problem,  since  such 
model  must  meet  very  many  requirements.  Model  is  to 
be  easy  for  manufacturing  and  as  cheap  as  possible, 
simple  in  exploitation,  easy  for  assembling/ 
disassembling.  The  only  recommendation  is  to  make 
design  of  heat  insulation  of  rear  side  of  a  sample  as 
close  as  possible  to  that  one,  which  is  used  in  real 
vehicle. 


4.  STEP-BY-STEP  HEATING  AS  THE  FIRST  TEST 
OF  NEW  THERMAL  PROTECTION  MATERIAL 

Method  of  step-by-step  heating  was  used  in 
experiments  on  a  study  of  boundary  layer  spectrum 
before  boiling  of  glass-silicide  coating.  This  simple 
experiment  is  usually  carried  out  in  the  very  beginning 
of  test  program  for  a  new  material,  since  it  allows  to 
solve  simultaneously  a  set  of  problems  (calibration  of 
used  pyrometers,  estimation  of  maximum  operation 
temperature,  quick  comparison  with  previously  tested 
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materials,  etc.)  in  one  20-minute  experiment.  Essence 
of  experiment  is  step-by-step  change  of  power  and  as  a 
result  step-by-step  heating  of  a  sample  up  to  its 
catastrophic  destruction  at  constant  pressure  and  mass 
flow  of  air.  It  is  possible,  since  power,  mass  flow  of  gas 
and  stagnation  pressure  are  not  linked  among 
themselves  in  subsonic  operation  regimes  of 
plasmatron  and  one  can  vary  them  independently  of 
one  another. 

It  is  necessary  to  discuss  this  technique  more  carefully, 
because  it  plays  special  role  in  methodology  of  testing, 
used  in  IPM.  First,  such  approach  allows  to  create  a 
database  on  dependencies  of  surface  temperature 
against  anode  power  for  different  coatings/materials 
tested  under  the  same  conditions  of  non-equilibrium 
heat  transfer.  As  a  rule,  experiments  are  carried  out  at 
the  same  pressure  100  hPa  and  the  same  set  of  power 
levels  is  used  and  constant  surface  temperature  is  to  be 
achieved  on  each  "step".  So,  one  can  quickly  compare 
obtained  results  with  numerous  data  on  previously 
tested  materials  and  make  conclusions  concerned  joint 
influence  of  surface  catalycity  and  emissivity  on 
sample  temperature  without  any  special  individual 
careful  studies  of  total  emissivity  and  effective 
probability  of  a  heterogeneous  recombination  as 
functions  of  temperature.  Note,  that  these  characteristic 
are  known  for  some  materials  of  database  and  such 
knowledge  can  be  used  for  comparative  study  of  new 
material. 

Second,  approximate  temperature  of  the  beginning  of 
destruction  allows  to  see  potentialities  of  new  material 
for  high-temperature  application,  since  maximum 
operation  temperature  depends  in  the  main  on  used 
chemical  system,  but  lifetime  in  the  main  depends  on 
quality  of  technology  of  coating  application 

Third,  character  of  kinetics  of  heating  makes  it  possible 
to  make  conclusions  about  a  possible  direction  of 
catalycity  change  during  experiment.  Typical  kinetics 
of  step  by  step  heating  is  presented  on  Fig.3.  Data  were 
obtained  using  test  stagnation  point  configuration. 
Temperature  peak  at  constant  power  corresponds  to 
catastrophic  destrucion  of  sample.  It  is  seen  from  Fig.3, 
that  surface  temperature  decrease  is  observed  during 
first  steps  at  rather  low  temperatures  of  a  sample  on 
each  "step".  It  can  be  caused  by  catalycity  decrease  or 
increase  of  coating  emissivity,  however,  according 
available  experience  the  first  reason  is  significantly 
more  probable,  than  second  one. 

The  second  relation,  concerned  step-by-step  heating,  is 
derived  from  power  dependency  of  surface  temperature 
and  an  example  is  given  in  Fig.4.  It  is  interesting,  that 
the  long-term  statistics  accumulated  in  tests  of  -100 
various  combinations  "reusable  C-C  material/ 
antioxidative  coating",  that  before  the  beginning  of 


Time,  s 


Figure  3.  Time  dependencies  of  surface  temperature  of 
gllass-silicide  coating  and  anode  power  of  generator. 


Anode  power,  kW 

Figure  4.  Surface  temperature  of  tested  sample  with 
glass-silicide  coating  vs  anode  power  of  HF -generator. 


catastrophic  destruction  the  relation  T(N)  passes 
through  a  point  of  inflection.  One  of  candidate  reasons 
of  the  effect  is  heat  effect  of  substrate  oxidation,  that  is 
negligible  at  "low"  temperatures,  increases  and 
becomes  significant  before  the  beginning  of 

catastrophic  destruction.  Although  exact  explanation  of 
discussed  effect  is  not  found  yet,  it  has  prognostic 
power  and  can  be  used  in  experimental  practice  to 
avoid  catastrophic  destruction,  if  it  is  necessary. 
Step-by-step  heating  of  sample  was  used  in  presented 
experiments  together  with  recording  of  kinetics  of 
boundary  layer  spectra  on  each  «step». 
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5.  MEASUREMENT  TECHNIQUES 

Mass  loss  of  sample 

This  technique  seems  very  simple  and  primitive. 
Really,  accuracy  of  laboratory  weighing  is  excellent. 
However,  it  makes  it  possible  to  observe  water 
adsorption  in  porous  materials  etc.  Practically,  accuracy 
-0.1-0.01  mg  is  enough.  Real  problem  is  to  avoid 
sticking  of  sample  and  heat  insulator  (especially  in 
cyclic  tests).  Very  often  spacer  helps  to  solve  this 
problem. 

Commonly  used  samples  for  selective  tests  and 
research  works  are  of  disk  form  of  26.5  mm  diameter 
with  conical  side  surface  as  it  is  seen  from  Fig.2. 
However  it  is  possible  to  use  separable  samples  shown 
in  Fig.5. 


Figure  5.  Sketch  of  test  model  with  eparable  sample. 

A  "separable"  sample  consists  of  two  parts:  a  "center" 
with  10  mm  diameter  of  front  surface  and  30°  half 
angle  of  conical  side  surface  is  inserted  into  a  "ring",  so 
that  the  assembled  "separable"  sample  has  the  same 
form  and  dimensions  as  the  standard  sample  (thickness 
-  2.9  mm,  diameter  of  front  surface  -  26.5  mm  and  half 
angle  of  conical  side  surface  -  30°)  and  it  can  be 
mounted  and  tested  in  the  same  sample  holder.  Using 
"separable"  samples  made  it  possible  to  weigh 
individually  the  "center"  and  the  "ring"  between  test 
cycles.  Thus  one  can  determine  the  mass  loss  rates  in 
the  central  and  peripheral  parts  of  the  sample.  Note, 
that  the  ratio  of  the  front  surface  areas  of  the  "center" 
and  the  "ring"  is  about  1/6.  It  should  be  emphasized 
here  that  "separable"  samples  were  proposed  for 
experiments  under  conditions  with  significant  mass 
loss  because  that  allows  to  neglect  mass  loss/gain  on 
the  side  and  back  surfaces  of  sample  (or  part  of 
sample).  That  is  why  the  mass  loss  rate  was  defined  as 
the  ratio  of  mass  loss  and  front  surface  area  of  the 
sample.  Before  the  main  test  program  standard  and 
"separated"  samples  were  comparatively  tested  in  order 


to  verify  a  possible  influence  of  the  sample's  separation 
on  its  total  mass  loss  and  no  significant  difference  was 
found. 

Separable  samples  were  used  to  show  that  mass  loss 
rate  is  uniform  over  sample  surface  in  subsonic  tests, 
but  it  can  be  significantly  non-uniform  in  supersonic 
tests  and  ratio  edge/center  can  change  about  order  of 
magnitude  [6] 

Surface  temperature 

Measurements  of  front  surface  temperatures  of  the 
samples,  heated  in  induction  plasma  jet,  were  carried 
out  using  pyrometers.  This  choice  is  determined  not 
only  by  problems  of  sensing  element  mounting  into 
investigated  samples,  but  by  high-frequency 
interference  from  electromagnetic  field  of  inductor  as 
well  as  the  problems  in  many  times  repeated 
assembling/disassembling  of  the  model  during  aging 
tests.  The  first  advantage  of  pyrometers  is  that 
pyrometry  is  contactless  method  of  measurement.  The 
second  one  is  their  universality,  i.e.  the  opportunity  to 
work  with  any  kinds  of  materials,  including  highly 
specific  materials  like  ceramic  tiles  and  fibrous 
materials  exposed  to  plasma  flow.  Generally 
recognized  advantages  of  pyrometry  are  remained: 
pyrometry  is  contactless  method  and  (if  it  is  necessary) 
freedom  from  time-transit  effects.  However  if  it  is 
necessary,  thermocouples  can  be  used  (and  they  have 
been  used)  for  measurement  of  temperature  of  rear  side 
of  a  sample,  temperature  of  some  parts  of  test  model, 
etc. 

Optical  pyrometer  with  disappearing  filament  POV-80 
was  used  as  the  reference  instrument  for  surface 
temperature  measurements.  This  pyrometer,  using 
standard  wavelength  X  =  0.65  pm,  is  characterized  by 
high  accuracy  of  brightness  temperature  measurement, 
simplicity  of  design  and  using..  Due  to  the  optical 
system  of  20x  magnification,  pyrometer  allows  to 
observe  the  small  details  of  sample  surface,  including 
sites  of  origins  for  thermochemical  destruction  of 
carbon-carbon  materials  with  antioxidation  coatings. 
The  size  of  minimally  small  measured  object  is  -1  mm 
at  the  distance  between  object  and  pyrometer  -1  m. 

The  disadvantages  of  this  device  are  impossibilities  of 
continuous  registration  of  temperature  and  of 
measurement  of  quickly  changed  temperatures  as  well 
as  the  necessity  of  the  correction  for  spectral  emissivity 
of  an  object  and  for  spectral  transmittance  of  optical 
window  of  vacuum  chamber.  The  correction  for  the 
transmittance  of  vacuum  chamber  optical  window  and 
for  sample  spectral  emissivity  must  be  made  using 
conventional  formula.  Spectral  transmittance  of  optical 
window  of  test  chamber  was  calculated  using  data  on 
optical  properties  of  used  type  of  quartz  and  it  was 
found  t  =  0.935  so  this  correction  may  be  calculated 
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precisely.  However  the  main  error  is  of  systematic 
nature.  Its  source  is  the  error  of  emissivity,  used  in 
calculation  of  true  temperature  from  brightness 
temperature.  The  accuracy  of  used  optical  pyrometer  is 
so  high  (0,2%  over  1400-2000°C  temperature  range  and 
0.15%  over  800-1400°C),  that  error  of  brightness 
temperature  measurements  practically  does  not 
influence  on  the  accuracy  of  true  temperature 
determination. 

The  simplest  way  to  estimate  spectral  emissivity  of 
developed  materials  and  coatings  is  to  measure  spectral 
reflection  coefficient  of  a  sample  at  room  temperature 
and  at  wavelength  used  by  pyrometer.  It  allows  to  find 
spectral  emissivity  from  Kirchhoff  law  for 
nontransparent  bodies:  Sx=  1  -  Rx-  Taking  into  account 
that  at  absence  of  chemical  and  phase  changes  d£?  /dT 
is  rarely  more  than  10K,  it  is  acceptable  to  use  values 
obtained  using  above  mentioned  way.  Actually,  optical 
pyrometer  is  not  sensitive  to  spectral  emissivity  error. 
£?=  0.85  was  accepted  for  studied  coating  and  for  true 
surface  temperature  T  =  1300°C  spectral  emissivity 
error  A£x~0.10  leads  to  temperature  error  AT  =  12°C 
and  at  T  =  1500°C  -  AT  =  16°C. 

Partial  radiation  pyrometers  with  photoelectric  sensors 
have  been  used  in  these  tests  when  it  was  necessary  to 
record  data  into  computer  memory.  Used  devices  is 
equipped  with  silicon  and  germanium  photodiode 
sensors.  For  these  devices  bands  of  sensitivity  0.5- 1.1 
pm  and  0.7-1. 6  pm  respectively,  temperature  ranges: 
600-1300°C  and  1000-2000°C,  accuracy:  1.5%  and  1% 
(for  exploitation  at  environment  temperature  - 
40...+40°C,  but  when  measuring  in  laboratory  room  at 
constant  environment  temperature  it  is  to  be  better). 
The  two  devices  with  analog  output  0-100  mV  were 
used  with  multichannel  digital  recorder  OPION-3500 
and  computer  Pentium  Pro  1 80.  Response  time  of  such 
system  is  determined  by  analog  electronic  circuit  of 
pyrometer  and  its  value  is  about  0.5-1  s. 

Respectively  large  dimension  of  observed  area  (about  5 
mm  at  1  m  distance  between  object  and  pyrometer)  is 
of  advantage  or  of  disadvantage  in  accordance  with 
situation.  Insensitivity  to  plasma  radiation  is  an 
advantage  of  these  pyrometers  in  any  case.  The  last  fact 
is  explained  both  by  the  increase  of  sample  radiation  at 
infrared  range  and  by  the  decrease  of  plasma  radiation 
at  this  range.  Wide  band  of  spectral  sensitivity  brings 
some  additional  difficulties  into  introducing  the 
correction  for  object  emissivity.  Therefore  corrections 
were  made  in  real  time  dining  tests  to  make  measured 
temperature  equal  to  data  of  precision  optical 
pyrometer  corrected  for  spectral  emissivity  and 
transmittance  of  optical  window.  To  establish 
necessary  corrections  calibrations  of  electronic 


pyrometers  using  optical  pyrometer  were  made  in 
individual  experiments  with  step  by  step  heating  of 
tested  samples.  Obtained  corrections  were  constant 
during  all  test  program. 

Infrared  thermovision  system  is  another  type  of  non- 
intrusive  optical  system  for  temperature  measurements 
that  was  used  for  sample  surface  temperature. 

The  type  of  pyrometer  is  to  be  chosen  as  applied  to  the 
material  under  investigation.  Sometimes  this  choice 
requires  large  work  on  "the  agreement"  of  a  pyrometer 
with  an  object.  It  should  be  taken  into  consideration  not 
only  temperature  range,  accuracy,  minimal  angle  size 
of  measured  object,  speed  of  response,  i.e.  technical 
performance  data,  which  can  be  found  in  the 
specification,  but  the  agreement  of  pyrometer  spectral 
sensitivity  with  spectral  emissivity  of  investigated 
materials  and  with  spectrum  of  plasma  radiation  as 
well. 

In  many  cases  it  is  expedient  to  use  pyrometers  with 
spectral  range,  which  agrees  with  the  most  intensive 
emission  band  of  an  object  and  does  not  agree  with  of 
intensive  plasma  radiation  bands.  The  most  simply,  one 
can  find  emission  bands  by  measuring  spectral 
reflection  coefficient  p  over  wavelength  range  1-15  jam, 
since  for  nontransparent  materials  Kirchhofflaw  can  be 
written  as  s?  =  1  —  R>. 

Unlikely,  when  the  surface  temperatures  of  plasma  jet 
heated  samples  are  measured,  pyrometer  spectral 
emissivity  band  has  not  to  coincide  with  bands  of 
intensive  plasma  jet  radiation. 

When  testing  ceramic  heat  protection  tiles,  thermovi¬ 
sion  system  AGA-780  was  in  considerable  use.  This 
system  is  especially  effective  with  the  measurements  of 
temperature  of  quartz  as  well  as  glasses  and  ceramics, 
based  on  silicon  dioxide.  It  takes  place  because  narrow- 
band  filter,  which  is  used  in  this  device  for 
measurements  of  high  temperatures,  has  >.eff  =  5  pm, 
that  corresponds  with  intensive  absorption  (and 
emission)  band  of  above-mentioned  materials.  It  is 
exceptionally  important,  that  spectral  emissivities  of 
guartz  and  quartz-based  ceramics  on  A.cff=  5  pm  are 
closed  to  1,  they  are  well  known  and  practically 
nondependent  on  temperature  (it  is  correct  both  for 
"black"  and  for  "white"  thermal  protection  tiles). 

Since  investigation  of  a  ceramic  tile  was  extensive, 
careful  and  prolonged,  spectral  emissivities  of  tile 
coatings  have  been  measured  carefully  using  special- 
purpose  facilities  (the  Institute  for  High  Temperatures 
of  Russian  Academy  of  Sciences  et.al.).  It  allowed  to 
make  measurements  of  true  surface  temperature  with 
high  accuracy  both  in  routine  cyclic  tests  and  in 
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experiments  on  non-standard  heating.  One  of  the  most 
interesting  works  of  the  last  type  was  the  investigation 
of  water-saturated  tile  behavior.  It  should  be 
emphasized,  that  thermovisor  gave  the  only  opportunity 
to  make  this  work,  because  highly  nonuniform 
temperature  distribution  over  investigated  surface  (600 
<  T<1300°C)  varied  with  time  quite  guickly. 

Simple  evaluation  shows,  that  extremely  low  reflection 
coefficient  of  quartz  and  of  tile  coatings  at  the 
wavelength  5  pm  (Rj^m  =  0.02)  makes  negligibly 
small  the  radiation  reflected  from  surface  and  detected 
by  thermovisor.  It  is  true  both  for  plasma  space 
radiation  and  for  radiation  of  heated  up  to  few  hundred 
degrees  quartz  discharge  channel.  Brightness 
temperature  of  plasma  jet  at  Xeff  =  5  pm  low  and  really 
it  does  not  exceed  200°C,  therefore  direct  plasma 
radiation  along  the  optical  axis  of  thermovisor  also  is 
very  small  and  does  not  influence  on  the  results  of  tile 
surface  temperature  measurements. 

The  correction  for  transmittance  of  vacuum  chamber 
optical  window  is  not  small  at  thermovision 
measurement.  However,  using  of  BaF  monocristalline 
optical  window  allows  to  calculate  required  value 
precisely,  since  optical  characteristics  of  this  material 
are  known  with  high  accuracy.  It  has  been  this  material, 
which  was  chosen  for  it's  moisture-resistance  and 
transparence  at  visible  band. 

The  calibration  of  thermovision  system  over 
temperature  range  200-1 5 00°C  has  been  made  in  our 
laboratory  by  means  of  two  specially  designed 
absolutely0  black  body  models.  The  first  one  was  used 
at  800-1500°C  (it  was  heated  by  1  MW  generator  of  the 
IPG-3  facility!)  and  the  second  one  -  at  200-1 100°C. 
Optical  pyrometer  with  disappearing  filament  POV-80 
(T  >  800°C  ),  infrared  pyrometer  POI  (400  <  T  900°C) 
and  specially  calibrated  Chromel-alumel  thermocouple 
(200  <  T  <  1100°C)  were  used  as  reference  devices. 
Results  obtained  by  using  of  these  two  models  showed 
excellent  agreement.  The  error0  of  calibration  is  about 
15°C. 

In  closing,  it  should  be  noted,  that,  when  measuring 
other  materials,  for  example,  based  on  A1203,  the 
employment  of  this  thermovision  system  is  not  so  far 
effective  as  in  the  case  of  ceramic  tiles  with  silicate  or 
borosilicate  coatings.  It  lakes  place,  because  emissivity 
of  AI2O3  at  used  wavelength  5  pm  is  known  with  poor 
accuracy,  but  results  of  true  temperature  calculation  are 
sensitive  to  emissivity  errors.  For  instance,  at  measured 
brightness  temperature  T=  1200°C,  the  error  in 
emissivity  -0.05  leads  to  error  ~40°C.  The  accuracy,  as 
poor  as  above-mentioned,  is  sufficient  usually  and  very 
often  this  disadvantage  is  not  balanced  out  by 


opportunity  to  measure  the  time-dependence  of 
temperature  field  over  whole  front  surface  of  a  sample. 


Surface  morphology 

Surface  morphology  is  very  informative  and 
photography  of  sample  one  can  find  in  any  report  or 
article.  Additionally,  scanning  electron  microscopy 
(SEM)  is  excellent  method  for  using  after  test 
campaign.  Note,  that  to  get  pictures  of  samples  with 
bad  electrical  conductivity  one  has  to  deposit  thin  gold 
film  on  studied  surface.  It  is  useful  to  obtained  not  only 
usual  photos  but  photos  of  sections  and  two  SEM 
photos  of  the  same  coating  of  ceramic  tile. 


Figure  6.  SEM  photos  of  thermal  protection  tile 
coating;  a  -  surface,  b  -  section. 

One  can  see  that  section  gives  more  informative 
picture. 

Residual  strength 
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Residual  strength  has  been  used  for  study  of  carbon- 
carbon  and  tile  materials  after  testing.  Fig.7  shows 
results  of  residual  bending  strength  measurements  for 
carbon-carbon  samples  of  84  mm  diameter,  which 
withstood  1,  3,  10,  30  cycles  at  1480°C  in  the  IPG-3 
facility. 
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Figure  7.  Residual  bending  strength  of  siliconized  C-C 
material  with  glass-silicide  coating  after  3  10,  20,  30 
testing  cycles  at  1480°C. 

Otherwise,  tile  material  is  tested  for  tension  residual 
strength,  since  this  type  of  loading  is  the  most 
dangerous  for  tile  material. 

6.  TEST  PROCEDURE 

Test  procedure  described  below  is  typical  and  it  was 
used  in  real  study  of  SiC  reference  material  oxidation 
which  was  made  for  ESTEC/ESA  [4-6]. 

Preparation  to  test. 

1 .  Checking  of  coincidence  of  masks  and  samples. 

2.  Weighting  of  the  samples. 

3.  Photographing  of  front  and  back  side  of  each 
samples. 

4.  Visual  inspection  of  surface  of  each  sample  using 
microscope.  Description  of  observed  details. 

5.  Classifying  of  the  samples  into  two  groups:  (i)  for 
pretests  and  calibration  and  (ii)  for  main  test 
program. 

6.  Measuring  of  spectral  reflection  coefficient  of  each 
sample  in  the  range  0.3-2.5  mm  at  room 
temperature. 

7.  Measuring  of  total  emissivity  of  each  sample  at 
room  temperature. 

8.  Measuring  of  temperature  dependence  of  reflection 
coefficient  X  =  0.6328  pm  for  SiC  and  graphite 
materials  at  room  temperature. 

Calibration  and  test  conditions  measurements  in  the 
IPG-4  plasmatron  of  1PM. 

1 .  At  constant  air  mass  flow  through  discharge 
channel  and  at  constant  pressure  in  test  chamber. 


which  is  equal  to  specified  total  pressure, 
dependence  of  steady-state  sample  temperature 
versus  RF-generator  power  is  to  be  measured  during 
step  by  step  heating  of  a  sample.  Power  levels, 
which  are  necessary  to  achieve  specified 
temperatures  are  determined  by  interpolation.  Also 
these  series  of  experiments  are  used  to  calibrate 
using  recording  pyrometer  by  reference  optical 
pyrometer  with  X  =  0.65  mm.  Obtained  corrections 
as  well  as  correction  for  spectral  emissivity  (based 
on  data  of  point  1 .6)  are  taken  into  account  by 
computer  system  during  test  cycles. 

2.  Taking  into  consideration  (i)  very  weak  pressure 
dependence  of  sample  temperature  and  (ii)  the  fact 
that  dynamic  pressure  is  significantly  less  than  total 
pressure,  test  chamber  pressure  which  is 
corresponded  to  specified  total  pressure  is 
determined  in  individual  experiments  with  Pitot 
tube.  Also  these  experiments  are  used  to  measure 
dynamic  pressure  and  hence  to  determine  flow 
velocity. 

3.  Checking  of  regimes  validity  is  made  by  measuring 
sample  temperature  at  established  test  chamber 
pressure  and  generator  power.  Measurements  of 
heat  fluxes  and  plasma  flow  parameters  for  all 
regimes  are  made  after  calibration  and  before  tests. 
Required  number  of  samples  is  equal  to  the  number 
of  used  regimes  +  four  samples  for  calibration,  pre¬ 
tests  and  reserve. 

4.  The  following  parameters  are  to  be  measured  for 
each  selected  regime: 

•  heat  flux  to  water-cooled  flux-meter  of  the  form 
identical  with  that  one  of  tested  model, 

•  enthalpy  (is  computed  using  heat  flux 
measurements  to  high  catalytic  cold  wall), 

•  dynamic  pressure, 

•  pressure  in  test  chamber. 

Tests  cycle. 

The  following  parameters  are  recorded  during  each 
cycle: 

•  temperature  of  front  surface  of  a  sample  (with 
correction  for  spectral  emissivity), 

•  pressure  in  test  chamber,  -  heat  flux  from  back  side 
of  a  sample, 

•  temperature  dependency  of  reflection  coefficient  of 
a  sample  at  X  =  0.6328  mm  during  heating. 

•  power  in  anode  circuit  of  RF-generator. 

•  repressuration  of  the  test  chamber  at  sample  surface 
is  to  be  made  after  temperature  below  400  C. 

After  each  cycle  the  following  measurements  and 
actions  are  to  be  made: 

disassembling  of  test  model  and  visual  inspection  of  all 
details  and  sample;  damaged  details  are  replaced, 
measuring  of  mass  loss  per  cycle, 
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measuring  of  spectral  reflection  coefficient  of  front  side 
in  the  range  0.3-2.5  pm  at  room  temperature, 
measuring  of  total  emissivity  of  front  side  at  room 
temperature, 

photographing  of  front  and  back  side  of  a  sample 

(Polaroid,  two  copies), 

assembling  of  the  model  for  next  cycle. 

7.  STUDIES  OF  THERMOCHEMICAL 
INTERACTION  BETWEEN  PLASMA  AND 
MATERIAL 

Pressure  and  temperature  dependencies  of  mass  loss 
rate 

Temperature  and  pressure  dependencies  of  mass  loss 
rate  were  obtained  using  the  IPG-2  facility.  Pressure 
dependence  of  mass  loss  rate  averaged  over  four  10- 
minutes  cycles  at  Tw=  1480°C  is  given  in  Fig.8.  The 
dependence  found  is  linear  in  lgP  -  lgG  coordinates, 
so  G(P)  =  A  PB.  Least  square  method  gives 
G(P)~P'019,  that  suggests  the  coating  is  gas-tight, 
since  Medford  established  that  m(P)  ~  P° 8  [7,8]  when 
free  molecular  diffusion  of  oxygen  through  pores  and 
fissues  is  the  main  mechanism,  defining  mass  loss  rate. 
It  should  be  emphasized  that  two  facilities,  -  the  IPG-2 
and  IPG-3,  -  were  used  to  obtain  pressure  dependence 
but  since  1989  such  experiment  may  be  realized  using 
only  IPG-4  facility  which  allows  operation  in  uniquely 
wide  pressure  range. 


without  any  antioxidation  protection  are  presented  in 
Fig.  12  to  make  visible  the  effect  of  antioxidation 
coating  deposition.  Sharp  increase  of  temperature  is 
caused  by  the  effect  of  “boiling”  of  the  coating. 
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Figure  9.  Temperature  dependency  of  mass  loss  rate  of 
carbon-carbon  material  with  antioxidative  glass- 
silicide  coating.  1  -  tested  material,  2  carbon  carbon 
material  without  any  antioxidation  protection, 
spectra 


Figure  8.  Pressure  dependency  of  mass  loss  rate  of 
carbon-carbon  material  with  antioxidative  glass- 
silicide  coating. 

Mass  loss  rate  versus  inverse  absolute  temperature  is 
shown  in  Fig.9.  Data  on  mass  loss  rate  at  pressure  P  = 
100  hPa  were  averaged  over  six  10-minutes  testing 
cycles.  Mass  loss  rate  for  carbon-carbon  material 


Thermochemical  stability  of  reusable  TPM 

Thermochemical  stability  of  reusable  material  is  its 
important  characteristics.  It  is  ability  of  material  to 
withstand  concurrent  influence  of  high  temperature  and 
chemically  active  components  of  initial  flow  (primarily 
atomic  oxygen).  In  practice  a  thermochemical  stability 
is  estimated  by  number  of  test  cycles  (or  total  time) 
without  impermissible  degradation  of  strength, 
emissivity,  catalycity  of  material  under  simulated 
reentry  conditions  in  real  time  scale. 

Carbon-carbon  materials  are  in  considerable  use  in 
aerospace  vehicles  due  to  their  unique  characteristics. 
High  strength,  low  specific  weight,  stability  of  thin- 
walled  structures  of  large  size  under  thermal  shock  and 
the  opportunity  to  make  design  elements  with 
beforehand  specified  properties  with  maximum 
strength  along  direction  of  maximum  load  make 
carbon-carbon  using  highly  attractive  for  designers. 
Carbon-carbon  materials  have  high  friction  properties 
and  they  are  also  biologically  inert. 

When  using  carbon-carbon  materials  as  reusable 
thermal  protection  materials,  it  is  of  great  importance 
that,  unlike  metals  and  alloys,  the  strength  of  carbon- 
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carbon  materials  increases  with  temperature  in  gradual 
manner  so  that  the  value  at  T  ~  2200°C  is  nearly  twice 
as  large  as  this  one  at  room  temperature.  Therefore  at 
the  preset  time  maximum  exploitation  temperature  and 
life  time  of  materials  on  hand  under  reentry  conditions 
are  limited  by  the  quality  of  antioxidation  coating, 
which  is  to  prevent  carbon-carbon  substrate  from 
oxygen  access.  Concurrently  a  coating  is  to  the  multi¬ 
purpose  and  to  meet  a  number  of  requirements  on 
emissivity,  catalycity,  hydrophoby,  gas-permeability, 
coefficient  of  thermal  expansion. 

An  analysis  showed,  that  the  following  parameters  are 
to  be  measured  during  tests  or  after  them:  mass  loss 
and  morphology  of  sample  surface,  after  each  cycle  of 
testing,  residual  flexural  strength  and  gas-permeability 
coefficient  after  tests.  Surface  catalycity  and  emissivity 
are  also  of  importance  for  reusable  thermal  protection 
materials  used  on  hypersonic  vehicles. 

Of  special  importance  for  carbon-carbon  materials  with 
antioxidation  coating  but  without  any  oxidation 
protection  in  material  volume  is  the  formation  of 
destruction  zones,  since  their  formation  often  is  the 
beginning  of  catastrophic  destruction  of  a  sample,  or  at 
best  is  the  forerunner  of  this  process.  Therefore  if  tested 
material  may  come  to  catastrophic  destruction  it  is 
important  to  find  the  forerunners  of  the  formation  of 
destruction  zones  and  the  reasons  of  their  formation. 

General  criteria  of  thermochemical  stability  estimation 
are  in  our  opinion  as  follows: 

•  decrease  of  residual  strength  below  specified  value; 

•  occurrence  of  destruction  zones  of  hazard 
dimensions. 

General  parameters,  which  are  to  be  monitored  during 
or  after  tests  are: 

•  sample  temperature  as  a  function  of  time  at  constant 
parameters  of  initial  plasma  flow; 

•  morphology  of  sample  surface; 

•  mass  loss  as  a  function  of  the  number  of  test  cycles. 

Acceptable  values  of  flexural  strength  decrease,  of 
closely  related  with  it  mass  loss  and  of  dimensions  of 
destruction  zones  are  to  be  determined  individually  for 
each  specific  material  and  specific  exploitation 
conditions. 

When  testing  extensively  thermal  protection  material  or 
hypersonic  vehicle,  it  is  also  appropriate  to  make: 

•  chemical  analysis  of  a  sample  before  and  after  test 
using  one  of  recent  contactless  methods; 

•  measurements  of  gas-permeability  coefficient  of 
samples  coating  in  initial  state  and  after  test. 


In  conclusion  it  should  be  emphasized,  that  nowadays 
there  is  no  universal  method  to  estimate  a 
thermochemical  stability  of  carbon-carbon  materials 
with  antioxidation  coating.  It  is  caused  by  the  fact  that 
tolerable  changes  of  material  characteristics  essentially 
depend  on  used  combination  coating/substrate. 
Moreover,  these  tolerable  changes  may  be  different  for 
the  same  material  under  different  exploitation 
conditions. 

For  example,  consider  carbon-carbon  material  with  he 
coating  based  on  SiC  and  without  additional  oxidative 
protection  in  material  volume.  At  temperatures  1600- 
1700°C,  which  are  maximally  permissible  for  such 
coating,  the  formation  of  destruction  zone  with 
following  catastrophic  destruction  is  the  most 
dangerous.  Unlikely,  at  respectively  low  temperatures 
~1200-1400°C  the  decrease  of  strength  as  a  result  of 
carbon-carbon  substrate  oxidation  is  of  greatest  hazard 
to  the  same  material.  One  may  find  even  total  oxidation 
of  substrate  as  it  has  been  obtained  in  one  of  100-cycle 
test  in  our  laboratory. 

Optical  spectral  analysis  is  one  of  the  most  promising 
methods  for  the  study  of  plasma  action  on 
reusable/non-ablative  thermal  protection  materials 
(TPM).  Its  application  makes  it  possible  to  observe  in 
situ  degradation  of  antioxidation  coatings  during  aging 
tests  in  plasmatron,  since  analysis  of  boundary  layer 
spectrum  permits  to  find,  what  kinds  of  species  are  at  a 
loss  from  substrate/coating  during  test,  to  see  time 
dependencies  of  those  losses  etc. 

For  some  other  combinations  of  C-C  materials  and 
antioxidative  coatings  it  was  found,  that  after 
catastrophic  destruction  during  oxidation  tests  one  can 
find  only  strongly  damaged  pieces  instead  of  sample. 
Note,  that  when  coating  contains  large  mass  percent  of 
oxididazable  species,  increase  of  surface  temperature 
will  cause  heavy  oxidation  sooner  or  later  and  large 
amount  of  produced  heat  will  result  very  quick 
transition  from  quasi-stationary  regime  to  intense 
burning,  i.e.  catastrophic  destruction.  So,  to  avoid 
quick  catastrophic  destruction  is  important  not  only  in 
real  flight,  but  in  ground  tests,  too.  Really,  very  often 
thermochemical  stability  of  large  samples  or  full-scaled 
elements  is  lower,  than  it  was  found  in  testing  of  small 
samples,  but  it  is  very  desirable  to  save  expensive  and 
deficit  samples  for  post-test  analysis. 

Optical  spectra  analysis  is  one  of  the  most  promising 
techniques  for  investigation  of  physiochemical  action 
of  high  enthalpy  flow  on  thermal  protection  materials. 

In  experimental  reentry  simulation  optical  spectra 
analysis  was  used  not  only  for  plasma  diagnostics  of 
high  enthalpy  jets  but  for  study  of  plasma-material 
interaction.  The  following  problems  were  solved  using 
this  method  in  the  investigations  of  ablative  materials: 
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•  qualitative  analysis  of  chemical  composition  of 
thermal  destruction  products; 

•  quantitative  analysis  of  chemical  composition  of 
thermal  destruction  products  including  concentration 
distribution  of  different  atoms,  molecules  and  ions; 

•  measurements  of  temperature  distribution  across  the 
boundary  layer  including  analysis  of  local  thermal 
equilibrium  in  the  boundary  layer  using  measurements 
of  translation,  rotation  and  vibration  temperatures  as 
well  as  the  measurements  of  atomic  lines  exitation 
temperature; 

•  determination  of  absorption  coefficients  and 
emissivity  of  destruction  products. 

These  investigation  were  carried  out  under  large 
blowing  parameter  B  =  pwvw  /  p*  v  „>  0.5  when  mass 
flow  rate  of  destruction  products  is  compared  with 
mass  flow  rate  in  initial  plasma  jet.  In  that  case  vapor 
concentrations  are  great  and  the  radiation  intensity  of 
destruction  products  is  orders  of  magnitude  greater  than 
that  of  pure  plasma  of  initial  flow. 

When  testing  reusable  thermal  protection  materials  the 
situation  became  exactly  opposite.  All  observed 
spectrum  of  destruction  products  may  consist  of  a  few 
atomic  lines  .  As  a  rule  they  are  sensitive  lines  of 
different  atoms.  Two  exceptions  are  possible.  10,  20  or 
more  lines  may  be  observed  when  atoms  of  heavy 
metals  such  as  molibdenum,  tungsten,  zirconium  etc. 
come  to  boundary  layer  from  the  surface  or  when  those 
are  generated  by  disoociation  of  molecules  .  The  other 
possibility  is  realized  when  far  great  mass  loss  rate 
occurs  for  materials  under  extreme,  nonstandard 
conditions  and  for  bad  materials.  It  should  be 
emphasized  that  it  is  rather  difficult  to  find  molecular 
bands  in  spectra  of  destruction  products  even  if  the 
presence  of  some  molecules  in  boundary  layer  is 
obvious  (for  example,  SiO  molecules  near  Si02  surface 
heated  to  1 100°C). 

Although  optical  spectra  of  destruction  products  of 
reusable  thermal  protection  materials  are  “poor”  (  in 
contrast  to  “rich”  spectra  of  destruction  products  of 
ablative  materals),  they  give  reasonably  good 
possibilities  to  study  physiochemistry  of  plasma- 
material  interaction.  Although  there  is  no  need  to  study 
absorption  coefficients  of  destruction  products  and  it  is 
impossible  to  measure  temperature  distribution  near  the 
surface  since  temperature  gradient  near  surface  is  far 
too  large,  there  is  sufficient  number  of  useful 
feasibilities.  For  example  it  is  possible  to  determine 
ratio  of  component  concentrations  in  boundary  layer 
using  coincidences  of  exitaion  energy  of  spectral  lines 
of  different  atoms.  For  example,  it  is  feasible  in 
practically  important  case  of  silicon  and  boron  atoms 
(Ref.  10).  The  other  attractive  feasibility  is  connected 
with  small  mass  loss  rate  of  reusable  materials.  This  is 


small  mass  rate  that  leads  to  diffusion  of  gaseous 
products  of  oxidation  and  vapor  components  across 
boundary  layer  instead  of  blowing  of  destruction 
products  for  ablative  materials.  It  may  be  shown  that 
under  some  assumptions  mass  loss  rate  of  the 
component  is  directly  proportional  to  total  intensity  of 
its  spectral  lines  over  boundary  layer.  It  makes  the 
especially  attractive  to  study  time  dependencies  of 
atomic  lines  intensities.  Of  coarse,  qualitative  chemical 
analysis  of  boundary  layer  composition  is  kept  of 
importance.  In  any  case  optical  spectra  analysis  is  the 
only  simple  and  inexpensive  technique  that  allows  to 
study  thermochemical  behavior  of  reusable  thermal 
protection  materials  in  situ  over  cyclic  aging  tests  of 
arbitrary  duration  without  any  special  preparation  of 
samples. 

It  is  evident  that  applications  of  optical  spectra  analysis 
for  the  study  of  thermochemical  action  on  reusable 
thermal  protection  materials  by  dissociated  air  jets 
merit  essentially  more  detailed  consideration  but  here  it 
is  sufficient  to  emphasize  that  all  above  mentioned 
feasibilities  may  be  made  more  powerful  in 
combination  with  making  tests  in  different  plasma 
environments  such  as  air,  nitrogen,  oxygen  and  argon. 

The  scheme  of  experimental  setup  [9],  used  for  a  study 
of  emission  spectra  of  boundary  layer  on  tested 
samples,  is  presented  in  the  Fig.  10. 


Figure  10.  Conceptual  sketch  of  experimental  setup  for 
spectral  study  of  boundary  layer  on  tested  samples. 

The  main  element  of  the  setup  is  the  plug-in  computer 
dual  spectrometer  PCD  1000,  that  works  in  spectral 
range  200  -  950  nm.  The  one  of  the  spectrometers 
works  in  the  range  200  -  450  nm,  has  25  pm  input  slit 
and  its  resolution  is  about  1  nm,  the  other  works  in  the 
range  450  -950  nm  with  resolution  ~3  nm,  a  fiber 
output  cross  section  serves  as  its  input  slit.  The  optical 
fibers  of  50  pm  diameter  are  used  to  direct  the  emission 
to  the  spectrometers.  The  quartz  lens  of  120  mm  focus, 
used  in  the  setup,  creates  on  the  fiber  input  the  4  times 
reduced  image  of  the  central  section  of  plasma  jet.  It 
means,  that  in  the  range  200  -  450  nm  the  emission  is 
taken  from  the  plasma  jet  area  of  0. 1x0.2  mm2,  but  in 
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the  range  450  -950  nm  -  from  the  area  of  0.2x0.2  mm2. 
Note,  that  only  intensive  doublets  of  atomic  sodium 
and  potassium  were  found  in  long  wave  band  but  the 
most  interesting  lines  are  grouped  in  short  wave  band, 
so  only  short  wave  spectrometer  was  used  practically  in 
all  experiments. 

Since  1963  spectrometers  with  difractional  gratings  and 
focal  length  3  m  and  1  m  were  used  for  spectra 
registration  using  photo  plates  and  photomultipliers. 
Now  CCD-camera  with  1024x1024  matrix  can  be  used 
for  careful  experiments  with  high  spectral  resolution 
and  spatial  resolution  across  boundary  layer. 

Spectral  precursors  of  catastrophic  destruction 


0.4  s,  but  to  have  more  precise  picture  it  is  necessary  to 
see  kinetics  of  changing  of  basic  parameters. 


Spectral  precursors  of  catastrophic  destruction  were 
observed  in  tests  of  C-C  material  with  glass-silicide 
antioxidative  coating.  The  most  interesting  zone  of 
spectrum  of  boundary  layer  over  glass-silicide  coating 
is  shown  in  Figure  11.  The  most  important  atomic 
lines,  which  are  appeared  in  emission  spectrum  of 
boundary  layer  due  to  coating  degradation,  are  sensitive 
(last)  lines  of  atomic  molybdenum,  silicon  and  boron 
and  those  are  shown  in  the  Figure  1 1 .  Also  there  is 
some  number  of  relatively  weak  lines  of  atomic 
molybdenum  as  well  as  lines  of  manganese,  sodium 
and  potassium,  which  present  in  the  coating  in  small 
concentrations.  However, 
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Figure  11.  Spectrum  of  boundary  layer  over  glass- 
silicide  coating. 


lines,because,  as  one  can  see  from  Figure  11,  radiation 
of  hot  flow  over  a  model  is  recorded  by  spectrometer, 
too,  although  it  is  less  intensive,  than  spectrum  of  free 
jet,  but  it  is  more  intensive,  than  it  is  possible  to  expect 
for  boundary  layer. 


It  was  found,  that  intensities  of  molybdenum  lines 
become  unstable  before  the  beginning  of  catastrophic 
destruction,  but  at  the  same  time  intensities  of  other 
lines  of  main  components  of  the  coating  such  as  silicon 
and  boron  don’t  demonstrate  such  behavior.  Typical 
variation  of  molybdenum  lines  intensities  is  shown  in 
Figure  12  with  time  between  the  two  recordings  is 


Figure  12.  Fragments  of  two  spectra  of  boundary  layer 
on  glass-silicide  coating  recorded  with  delay  0.4  s. 


Figure  13.  Time  dependencies  of  sample’s  surface 
temperature  and  generator’s  anode  power  before 
catastrophic  destruction  («boiling»). 


Time,  s 


Figure  14.  Time  dependencies  of  sensitive  lines 
intensities  of  different  atoms  which  appeared  in 
boundary  layer  due  to  coating  degradation. 
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Time  dependency  of  surface  temperature  of  glass- 
silicide  coating  is  shown  on  Figure  13  together  with 
anode  power  of  HF-generator  before  the  beginning  of 
boiling,  and  time-dependencies  of  intensities  of 
sensitive  lines  of  a  molybdenum,  boron  and  silicon  are 
submitted  on  Figure  14  for  the  same  test.  As  it  is  seen 
from  Figures  13,  14,  intensities  of  lines  of  silicon  and 
boron  before  the  beginning  of  boiling  are  enough  stable 
and  those  begin  to  increase  only  with  the  increase  of 
surface  temperature.  At  the  same  time  intensity  of 
molybdenum  line  begin  to  pulse  ~10s  before  the 
beginning  of  «boiling».  Peak  intensities  can  be  2-3 
times  higher  than  its  quasi-stationary  level.  There  is  no 
such  peaks  at  usual  operating  temperatures,  they  appear 
only  before  «boiling».  This  result  is  in  a  good 
agreement  with  previous  data  on  physico-chemical 
mechanism  of  «boiling»:  it  is  caused  by  intensive 
oxidation  of  MoSi2  particles,  containing  in  the  coating, 
by  atomic  oxygen  from  oncoming  flow  [2,3].  At  the 
same  time  observable  peaks  shows,  that  before  boiling 
heavy  oxidation  is  blocked  time  by  time  with  formation 
of  protective  film  of  oxides,  and  only  then  it  becomes 
such  strong,  that  the  formation  of  film  does  not 
realized.  So,  study  of  specific  features  in  behaviour  of 
boundary  layer  over  tested  sample  before  catastrophic 
destruction  allowed  to  obtain  new  information  on 
mechanism  of  destruction  even  for  well-known 
material  &  coating.  Of  coarse,  such  study  can  be  more 
fruitful  for  new  TPM  and/or  coatings. 

Thus,  it  was  found,  that  before  boiling  one  can  find  few 
peaks  of  molybdenum  lines  intensity.  There  is  no  such 
peaks  at  usual  operating  temperatures.  Repeatability  in 
appearance  of  those  peaks  before  «boiling»  allows  to 
consider  them  as  «spectral  precursors))  of  catastrophic 
destruction. 

It  is  obviously,  that  boiling  of  glass-silicide  coating  is 
only  one  of  many  possible  kinds  of  catastrophic 
destruction.  However,  it  is  more  possible  to  fmd 
precursors  when  oxidizable  components  is  exposed  to 
dissociated  air  before  the  beginning  of  catastrophic 
destruction.  Such  situation  can  be  found  with 
multilayer  and  multiphase  coatings,  containing 
components,  which  can  be  oxidized  with  production  of 
large  amount  of  heat. 

Other  types  of  antioxidation  coatings  applied  on  C-C 
materials  were  preliminary  tested  to  find  spectral 
precursor  of  catastrophic  destruction.  The  first  results 
showed,  that  tested  coating  is  not  the  only  coating  with 
spectral  precursors  of  catastrophic  destruction  and  there 
are  different  types  of  spectrum  behavior  before 
destruction.  At  the  same  time  first  attempts  to  find 
spectral  precursors  were  not  successful  with  the 
carbon-carbon  samples  with  SiC-based  coating. 
However,  it  means  only,  that  searches  are  to  be 
continued. 


Study  of  spectral  precursors  of  catastrophic  destruction 
can  be  easily  made  practically  in  each  laboratory, 
working  on  TPM  testing  in  plasma  jets.  First  of  all,  it 
can  give  important  information  about  physico-chemical 
processes,  that  initiate  catastrophic  destruction  of  tested 
reusable  TPM.  Of  coarse,  that  information  can  be  used 
to  refine  chemical  composition  and  technology  of 
coating  and,  hence,  to  remove  the  beginning  of 
catastrophic  destruction  to  higher  temperatures. 

Besides,  it  is  well  known,  that  scale  factor  is  very 
important  for  thermochemical  stability  of  samples  and 
full-scale  elements  of  carbon-carbon  materials  with 
antioxidation  coatings,  which  are  used  for  oxidation 
tests,  because  usually  it  is  difficult  to  realize  on  full- 
scale  elements  the  same  level  of  thermochemical 
stability,  that  has  been  demonstrated  in  tests  of  small 
samples.  Knowledge  about  spectral  precursors  of 
catastrophic  destruction  can  be  used  fruitfully  to  save 
expensive  large  samples  and/or  full  scale  elements 
from  catastrophic  destruction  in  plasma  jet  tests  and  to 
have  an  opportunity  to  make  after-test  analysis  of 
substrate  and  coating  exposed  to  extreme 
thermochemical  loading.  Actually,  if  one  knows  what 
kind  of  spectral  precursor  type  takes  place  on 
material/coating  on  hand,  it  is  not  too  difficult  to 
develop  special  code  to  produce  signal  for  test 
interruption  (or  for  decrease  of  power  put  in  plasma), 
when  precursors  appears  in  spectrum. 

Tests  in  different  gases 

Many  essential  features  of  thermochemical  action  on 
thermal  protection  material  by  dissociated  air  flow  may 
be  found  using  optical  spectra  analysis  in  combination 
with  making  tests  in  different  plasma  environments 
such  as  air,  nitrogen,  oxygen  and  argon.  As  a  rule  mass 
loss  of  carbon-carbon  materials  with  antyoxidation 
coating  is  generally  resulted  from  the  oxidation  but 
atomic  oxygen  is  essentially  more  active  than 
molecular.  Comparative  study  of  optical  spectra  of 
boundary  layer  allows  to  understand  what  components 
is  arised  in  boundary  layer  due  to  thermal  vaporization 
and  what  components  is  arised  in  boundary  layer  due  to 
thermochemical  action  of  the  initial  flow.  Obviously, 
above  mentioned  approach  is  to  be  combined  with  data 
on  temperature,  pressure  and  time  dependencies  of 
mass  loss  rate,  as  well  as  photos  of  surface  obtained 
using  SEM  etc. 

Emission  optical  spectra  were  obtained  during  tests  in 
dissociated  air  and  nitrogen  flows.  All  experiments 
were  carried  out  at  constant  pressure  P  =  100  hPa  using 
the  IPG-4  facility.  More  than  20  rather  intensive 
spectral  lines  of  molybdenum  were  found  when  sample 
was  exposed  to  dissociated  air  flow.  Also  sensitive 
lines  of  BI,  Sil,  Mnl,  KI,  Nal  were  observed  in 
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boundary  layer  overflowed  by  dissociated  air  flow. 
Note,  that  simple  qualitative  chemical  analysis  gives 
two  interesting  results.  The  observation  of 
molybdenum  lines  alone  is  the  result  of  great 
importance  for  the  understanding  of  thermochemical 
action  of  dissociated  air  on  the  glass-silicide  coating. 

Specially  made  plasma  jet  tests  showed  that  there  are 
no  even  weak  sensitive  lines  of  molybdenum  while 
dissociated  nitrogen  overflowed  the  sample  but  lines 
Nal,  KI,  BI,  Sil  were  found  in  these  spectra.  These 
result  suggest  that  molibdenum  atoms  arising  is  caused 
by  the  thermochemical  action  of  oxygen  but  the  other 
components  arise  in  boundary  layer  due  to  thermal 
evaporation.  Taking  into  account  that  back  side  of 
tested  sample  which  was  exposed  to  non-dissociated  air 
practically  at  the  same  pressure  and  temperature  (since 
tests  were  made  in  subsonic  flow  and  back  side  was 
heat  insulated),  one  can  make  conclusion  that  it  is 
atomic  oxygen  that  causes  such  damages  to  coating. 
The  most  effective  way  of  molybdenum  loss  is 
associated  with  the  oxidation  of  MoSi2  followed  by 
evaporation  of  exceptionally  volatile  molybdenum 
oxides  and  it  is  one  of  the  leading  mass  loss  processes. 

CONCLUSION 

Effective  test  methods  were  developed  for  reusable 
thermal  protection  materials  on  the  basis  of  plasmatron 
advantages  and  subsonic  modeling  of  hypersonic 
heating.  Complex  approach,  which  includes  tests  in 
maximally  wide  pressure  and  temperature  ranges 
together  with  tests  in  different  gases  and  optical 
spectral  analysis  application,  showed  its  efficiency  for  a 
study  of  thermochemical  stability  of  reusable  materials 
and  physico-chemical  mechanisms  of  plasma-material 
interaction. 
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Introduction 

Upon  entering  the  atmosphere  of  celestial  bodies, 
spacecrafts  encounter  gases  at  velocities  of  more  than 
ten  km/s,  thereby  being  subjected  to  great  heat  loads. 
Figure  1.1  shows  artist’s  concept  of  X-38  reentering 
Earth's  atmosphere  [1].  The  X-38  is  a  technology 
demonstrator  for  the  proposed  Crew  Return  Vehicle 
(CRV),  which  will  be  designed  for  an  emergency 
return  from  the  International  Space  Station. 


Dryden  Flight  Research  Center  ED97-43903 
X-38:  Crew  Return  Vehicle  technology  demonstrator  re-entering 
Earth's  atmosphere.  1997  Artist  concept  tor  NASA 


Fig.  1.1:  X-38  re-entering  Earth's  atmosphere  [1] 

The  task  of  a  thermal  protection  system  (TPS)  is 
to  protect  the  substructure  of  the  vehicle  against  local 
and  global  overheating. 

A  heatshield  material  should  have: 

-  a  low  mass, 

-  a  smooth  surface  to  avoid  an  early  flow  change 
from  laminar  to  turbulent, 

-  the  necessary  strength  to  withstand  aerodynamic, 
aeroelastic,  chemical  and  heat  loads, 

-  material  catalycity  be  as  low  as  possible,  that  is 
it  should  not  encourage  the  recombination  of 
oxygen  and  nitrogen  or  nitrogen  oxide  forma¬ 
tion, 

-  an  emissivity  as  high  as  possible,  at  least  0.8,  in 
order  to  reject  a  large  portion  of  the  heat  input  at 
the  lowest  possible  temperature. 

For  the  qualification  of  heatshield  materials  re¬ 
garding  these  requirements  a  lot  of  different  ground 
testing  facilities  are  necessary  which  cannot  all  be 


discussed  during  this  lecture.  This  lecture  concen¬ 
trates  on  the  plasma  wind  tunnel  facilities  (PWK) 
which  have  been  in  use  at  the  IRS  (Institut  fur 
Raumfahrtsysteme  of  Stuttgart  University)  for  more 
than  a  decade  [2,  3].  Firstly,  they  are  used  for  the 
qualification  of  heatshield  materials  in  regard  to 
chemical  and  high  enthalpy  loads  occurring  during 
reentry  into  the  earth's  atmosphere  and  entry  into 
other  planetary  atmospheres  [4-8],  Secondly,  they 
are  tools  for  the  development  of  reentry  measurement 
techniques  [9  -  12],  In  addition,  these  facilities  can  be 
used  for  the  validation  of  numerical  codes  [13  -  16]. 

In  ground  test  facilities  the  simulation  of  the  real 
gas  composition  as  it  is  set  up  near  the  surface  of  the 
spacecrafts  and  probes  is  only  possible  for  a  few  ms 
with  free  ballistic  ranges.  Resulting  measurement 
times  are  of  only  a  few  ps.  So-called  hot  shot  tunnels 
[17]  or  piston  shock  tunnels  [18]  offer  measurement 
times  of  a  few  ms,  but  due  to  the  high  gas  tem¬ 
perature  of  the  oncoming  flow  predissociation  cannot 
be  avoided.  The  duration  of  test  runs  within  these 
facilities  is  far  too  short  for  the  development  and 
testing  of  heat  protection  materials  since  the  surface 
largely  remains  cold  and  therefore  hardly  interacts 
with  the  hot  gas. 

For  the  development  of  heat  protection  materials 
for  entry  bodies  one,  therefore,  depends  on  plasma 
wind  tunnels,  which  do  not  offer  a  complete  simula¬ 
tion  of  entry  conditions.  Because  of  a  restriction  of 
the  arc  chamber  pressure  and  the  strong  nonequilib¬ 
rium  phenomena  in  the  arc  tunnels  it  is  in  principle 
impossible  to  correctly  simulate  the  flight  environ¬ 
ment,  which  means  characteristic  Reynolds  number 
and  Mach  number,  for  the  first  phase  of  reentry  (Fig. 
1.2). 
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Fig.  1.2:  Reentry  flight  zones  [19] 


Paper  presented  at  the  RTO  AVT  Course  on  “Measurement  Techniques  for  High  Enthalpy  and  Plasma  Flows”, 
held  in  Rhode-Saint-Genese,  Belgium,  25-29  October  1999,  and  published  in  RTO  EN-8. 
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With  the  exception  of  tunnels  operating  at  high 
ambient  pressure  and  able  to  simulate  the  flight  con¬ 
ditions  of  the  last  phase  of  reentry,  a  plasma  wind 
tunnel  has  to  be  seen  as  a  tool  for  the  simulation  of 
the  flow  near  the  material  surface.  Therefore,  the  goal 
has  to  be  the  duplication  of  the  conditions  near  the 
surface  of  a  vehicle  which  have  to  be  determined  first 
by  calculation  or  by  a  flight  experiment  (Fig.  1.3). 
Such  wind  tunnels  are  then  suitable  for  the 
development  of  TPS  materials. 
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Fig.  1.3:  Reentry  flight  conditions 


With  plasma  wind  tunnels  a  continuous  stream  of 
plasma  of  high  specific  enthalpy  and  velocity  is  pro¬ 
duced  with  the  help  of  thermal  or  magnetoplasma- 
dynamic  generators  (TPG  or  MPG).  Our  plasma  wind 
tunnels  PWK  4  and  PWK  5,  equipped  with  thermal 
arc  generators  (TAG),  are  suitable  for  the  studies  of 
aerodynamic  loads  of  high  enthalpy  flows.  High 
impact  pressures  and  fairly  high  Mach  numbers  and 
specific  enthalpies  can  be  generated.  However,  the 
exhaust  velocity  is  limited  to  several  km/s  and  low 
impact  pressures  cannot  be  achieved.  The  erosion 
rate  of  heat  protection  material  with  an  oxidation 
protection  coating  (defined  as  mass  loss  per  exposed 
area  and  time)  is  especially  high  at  low  pressure 
levels  and,  therefore,  in  regions  of  high  velocities 
[20  -  22],  These  conditions  can  be  simulated  with  the 
help  of  MPGs  in  PWK  1  and  PWK  2. 


The  inductively  heated  PWK  3  is  used  for  basic 
research  on  TPS  materials,  especially  regarding  their 
catalytic  behavior,  because  no  plasma  impurities  oc¬ 
cur  from  electrode  erosion.  In  addition,  tests  in  a  pure 
oxygen  or  in  a  mainly  C02  atmosphere,  for  example 
for  entry  into  Mars'  or  Venus'  atmosphere,  can  be 
performed  [23,  24], 
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Fig.  1.4:  Simulation  regimes  of  the  PWKs  at  IRS 


The  simulation  regimes  of  the  PWKs  at  IRS  can 
be  seen  in  Figure  1.4  together  with  some  typical  re¬ 
entry  trajectories. 

A  PWK  must  be  able  to  be  used  for  the  following: 

-  qualification  of  TPS  materials, 

-  basic  research  on  TPS  materials, 

-  verification  of  numerical  codes, 

-  development  and  qualification  of  diagnostics 
methods, 

-  development  and  qualification  of  flight  experi¬ 
ments. 

It  is  of  the  utmost  importance  that  the  impurity 
level  in  the  plasma  is  as  low  as  possible  and  espe¬ 
cially  materials  of  high  catalycity,  as  for  example 
copper,  have  to  be  avoided  as  this  would  lead  to  a 
falsification  of  the  results. 


2.  Simulation  Requirements  for 
Reentry  Vehicles 

For  the  development  of  thermal  protection  sys¬ 
tems  for  reentry  bodies  especially  the  oxidation  be¬ 
havior  of  TPS  materials  has  to  be  studied,  in  particu¬ 
lar  if  the  vehicle  has  to  be  designed  as  a  reusable  one. 
For  this  purpose  facilities  are  needed  to  simulate  in 
steady  state  conditions  the  required  surface 
temperature  on  the  material,  pressure,  specific 
enthalpy  and  mass  flow  rate. 

First  the  simulation  requirements  for  a  small 
winged  reentry  vehicle  will  be  shown  and  discussed. 
For  re-usable  winged  space  vehicles  like  HERMES, 
HOPE  or  CRV  the  heat  loads  and  therefore  also  the 
chemical  loads  are  highest  at  the  nose  cap  and  at  the 
leading  edges.  For  HERMES,  which  was  studied  in 
Europe  during  the  80s,  most  data  are  available  and  is 
therefore  used  here  as  an  example.  Based  on  the  tra- 
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Fig.  2.1:  Surface  temperature,  pressure  and  speci¬ 
fic  enthalpy  at  the  nose  cap  of  HERMES  during 
reentry  for  landing  in  Istres  and  the  required 
mass  flow  within  the  PWK.  (Thick  lines:  simula¬ 
tion  region  with  PWK  1  or  PWK  2,  hatched  zone: 
simultaneous  simulation  with  PWK  1  or  PWK  2) 
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jectory  of  HERMES  the  pressure,  density  and  the 
specific  enthalpy  of  these  surface  elements  was  cal¬ 
culated  [5].  The  surface  temperature,  pressure  and 
specific  enthalpy  are  shown  as  a  function  of  altitude 
in  Fig.  2.1  for  the  nose  cap  and  in  Fig.  2.2  for  the 
leading  edge. 
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Fig.  2.2:  Surface  temperature,  pressure  and  speci¬ 
fic  enthalpy  at  the  leading  edge  of  HERMES  du¬ 
ring  reentry  for  landing  in  Cayenne  and  the  re¬ 
quired  mass  flow  within  the  PWK.  (Thick  lines: 
simulation  region  with  PWK  1  or  PWK  2,  hatched 
zone:  simultaneous  simulation  with  PWK  1  or 
PWK  2) 

Candidate  TPS  materials  of  modem  reusable  ve¬ 
hicles  are  of  carbon  fiber  with  carbon  or  SiC  matrixes 
and  an  oxidation  protection  coating  on  top  which  in 
most  cases  again  consists  of  SiC.  The  erosion  of  these 
materials  is  most  severe  at  high  temperature  and  low 
pressure  levels  due  to  active  oxidation  [20  -  22]. 
These  conditions  can  be  duplicated  with  the  help  of 
an  MPG  as  used  in  the  plasma  wind  tunnels  PWK  1 
and  PWK  2.  The  surface  temperature,  pressure  and 
specific  enthalpy  regions  of  the  trajectory  which  are 
achievable  with  these  facilities  are  marked  in 
Figs.  2.1  and  2.2  by  a  thick  line.  The  density  and 
velocity  profile  together  with  the  cross  section  of  the 
plasma  beam  of  PWK  1  and  PWK  2  of  ca.  0.03 1  m2 
lead  to  the  required  mass  flow  for  these  tunnels, 
which  is  included  in  Figs.  2.1  and  2.2.  The  hatched 
zone  marks  the  region  where  surface  temperature, 
specific  enthalpy,  pressure  and  mass  flow  rate  can  be 
duplicated  simultaneously.  In  the  case  of  the  leading 
edge,  this  region  is  limited  by  the  maximum  possible 
mass  flow  whereas  in  the  case  of  the  nosecap  the 
maximum  achievable  stagnation  pressure  is  the 
limiting  factor.  But  for  both  cases  the  low  pressure 
and  high  temperature  phase  of  the  reentry  can  be 
simulated  including  the  maximum  temperature  point. 

If  the  gas  were  in  thermodynamic  and  chemical 
equilibrium  near  the  material  surface  during  reentry 
and  within  the  test  facility,  this  simulation  with  the 
help  of  a  magnetoplasmadynamic  wind  tunnel  would 
be  perfect.  In  both  situations  this  is  not  the  case  and 
for  both  situations  the  exact  gas  composition  is  still 
unknown  today.  But  a  lot  of  research  programs  are 


under  way  so  that  in  the  future  more  knowledge  will 
be  gained  in  this  area.  With  the  help  of  computer 
programs  in  which  non-equilibrium  chemistry  is  in¬ 
cluded,  the  reentiy  situation  as  well  as  the  MPG  wind 
tunnel  situation  is  being  simulated  [14,25],  At  the 
same  time,  measurement  techniques  are  being 
developed  for  the  analysis  of  the  high  enthalpy  gas 
during  the  material  tests  in  ground  based  facilities 
[26,  27]  as  well  as  during  the  vehicle  reentry  [9-12], 

Compared  to  the  trajectory  of  a  winged  spacecraft 
like  HERMES,  the  reentry  of  a  ballistic  or  semibal- 
listic  space  capsule  from  a  low  earth  orbit  is  marked 
by  essentially  higher  heat  loads  due  to  the  steeper  as¬ 
cent.  Figure  2.3  shows  the  heat  flow  on  the  wall,  the 
pressure  at  the  stagnation  point,  the  mass  flow  and  the 
specific  enthalpy  all  dependent  on  the  altitude. 
Because  the  reuse  of  a  space  capsule  has  not  been 
demanded  yet,  ablation  materials  are  normally  used 
for  the  thermal  protection  shield.  On  the  German- 
Japanese  EXPRESS  mission,  launched  in  1995,  a 
first  experiment  was  conducted  to  determine  whether 
ceramic  thermal  protection  materials  can  be  used  in 
order  to  enlarge  the  possibility  of  reentry  measure¬ 
ment  techniques.  A  C/C-SiC  tile  for  the  stagnation 
point  region,  manufactured  by  the  DLR  Stuttgart,  was 
qualified  during  the  flight  [28]. 
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Fig.  2.3:  Stagnation  pressure,  specific  enthalpy, 
heat  flux  and  mass  flow  density  for  the  nose  cone 
of  EXPRESS  as  a  funtion  of  the  altitude 

The  EXPRESS  capsule  is  a  typical  example  of  a 
ballistic,  reentry  capsule  protected  by  an  ablator.  The 
hot  reentry  phase,  which  can  be  simulated  in  a  ground 
facility  like  a  plasma  wind  tunnel,  begins  at  a  nominal 
height  of  100  km  at  a  speed  of  approximately 
7.4  km/s.  The  heating  during  the  capsule's  descent 
was  calculated  according  to  the  results  from  earlier 
flights  performed  by  the  manufacturers  from  the 
Russian  company  Khrunichev.  The  maximum  was 
expected  at  a  heat  load  of  2  MW/m2  after  235  s  at  a 
height  of  45  km.  At  this  point  in  time  the  stagnation 
point  pressure  should  be  about  75  kPa.  The  maximum 
stagnation  pressure  of  15  MPa  should  be  reached 
after  approximately  275  s.  The  capsule  would  at  this 
point  be  at  a  nominal  height  of  32  km.  The  maximum 
stagnation  pressure  cannot  be  reached  in  the  IRS 
PWKs  equipped  with  MPGs.  However,  the  heat  flow 
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profile  is  fully  feasible.  Figure  2.4  shows  the  course 
of  the  heat  flow  during  reentry  as  well  as  the  course 
of  the  heat  flow  as  simulated  in  the  PWK.  Because 
ceramic  thermal  protection  was  used  at  the  tip  of 
EXPRESS,  maximum  erosion  at  low  pressure  and 
high  temperature  was  to  be  expected  just  as  with 
HERMES.  Therefore,  using  the  MPG  tunnel  the 
worst  case  was  examined. 


Fig.  2.4:  Heat  flux  profile  of  the  EXPRESS 
mission 


Fig.  2.5:  Surface  temperature  of  the  ceramic  heat 
shield  of  the  EXPRESS  capsule  in  the  PWK 


During  the  flight  qualification  of  the  EXPRESS 
experiments,  maximum  surface  temperatures  of  ap¬ 
proximately  2300°C  (see  Fig.  2.5)  resulted  from  a 
duplication  of  the  heat  flow  profile  in  the  MPG-tun- 
nel  at  the  IRS.  The  front  and  rear  temperatures  of  the 
ceramic  tile  were  measured  pyrometrically.  The  rear 
temperature  was  to  be  determined  by  an  EXPRESS 
experiment  -  the  miniature  pyrometer  PYREX  from 
the  IRS  [9]. 

At  the  IRS  a  semi-ballistic  capsule  COLIBRI 
(Concept  of  a  Lifting  Body  for  Reentry  Investiga¬ 
tions)  was  designed  as  a  testbed  to  perform  autono¬ 
mously  scientific  and  technology  experiments  during 
the  reentry  flight  [29]  with  three  primary  goals: 

-to  investigate  aerothermodynamic  phenomena 
encountered  during  hypersonic  flight, 

-  to  test  advanced  materials  and  concepts  for 
thermal  protection  systems,  and 


-  to  perform  both  flight  dynamics  and  navigation 
as  well  as  guidance,  and  control  experiments 
during  a  controlled  atmospheric  flight. 


Fig.  2.6:  The  Colibri  Mission  [29] 

The  mission  profile  of  the  COLIBRI  capsule  is 
illustrated  in  Fig.  2.6.  A  “piggy-back“-flight  oppor¬ 
tunity  on  a  Russian  FOTON  carrier-capsule  was 
considered  for  this  study  that  would  be  launched  into 
a  low  Earth  orbit  by  a  Soyuz  rocket.  The  drawback 
associated  with  this  low-coast  approach  is  that  entry 
conditions  are  defined  by  the  ballistic  FOTON  cap¬ 
sule  to  be  recovered  in  southern  Russia  and  can  not 
be  selected  independently.  Thus,  the  recovery  area  of 
FOTON  is  at  the  lower  end  of  the  attainable  landing 
area  of  the  semi-ballistic  COLIBRI  vehicle  as  illus¬ 
trated  in  Fig.  2.7.  Though  FOTON  enters  the  atmos¬ 
phere  following  a  ballistic  path,  the  reentry  flight  of 
COLIBRI  will  be  autonomous  and  controlled.  In  or¬ 
der  to  ease  the  recovery  of  the  vehicle,  a  landing  ac¬ 
curacy  of  5  km  is  regarded  as  sufficient. 


Fig.  2.7:  The  COLIBRI  capsule  [29] 

An  example  of  the  calculated  conditions  for  the 
semiballistic  Colibri  capsule  project  is  shown  in 
Fig.  2.8.  The  maximum  heat  flux  of  ~  2.2  MW/m2  is 
expected  at  a  stagnation  pressure  of  20  kPa  and  a 
corresponding  specific  enthalpy  of  26  MJ/kg.  These 
conditions  are  well  within  the  simulation  region  of 
the  plasma  wind  tunnel  PWK  4,  equipped  with  the 
thermal  plasma  generator  RB3. 
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Fig.  2.8:  Total  pressure,  velocity,  heat  flux  and 
specific  enthalpy  vs.  altitude  for  the  COLIBRI 
reentry  mission  [29] 

Huygens  is  an  European  probe  which  will  be  used 
to  investigate  the  atmosphere  of  the  Saturnian  moon 
Titan.  It  is  being  carried  to  the  Saturn  system  with  the 
Cassini  spacecraft,  which  was  designed,  built  and 
launched  by  NASA  [30],  During  the  entry  into  Titan's 
atmosphere,  the  probe  has  to  be  decelerated 
aerodynamically  from  about  6.1  km/s  to  400  m/s 
within  three  minutes.  This  will  be  done  by  a  heat 
shield  with  a  diameter  of  2.7  m.  In  Fig.  2.9  the  heat 
flux,  specific  enthalpy  and  dynamic  pressure  of  a 
typical  probe  trajectory  are  plotted  versus  the  alti¬ 
tude. 


Fig.  2.9:  Heat  flux,  pressure  and  specific  enthalpy 
profiles  for  the  entry  of  Huygens  into  the 
atmosphere  of  Titan  [7] 


These  conditions  can  be  completely  simulated  in  a 
PWK  equipped  with  an  MPG  at  the  IRS  [7,  8].  For 
this  mission  the  composition  of  Titan's  atmosphere 
presented  a  special  challenge  for  the  test  facilities. 
The  atmosphere  consists  of  approximately  80  -  90  % 
nitrogen,  3-10%  methane  and  presumably  about 
10  %  argon.  Carbon  based  gases  are  very  difficult  to 
handle  in  plasma  generators  because  the  carbon  set¬ 
tles  on  the  electrodes  especially  when  they  are  water- 
cooled.  The  erosion  caused  by  carbon  is  large  if  it  is 
in  contact  with  hot  glowing  cathodes.  Therefore, 
special  measures  were  necessary  to  avoid  any  contact 
of  the  glowing  tungsten  cathode  with  carbon,  to  as¬ 
sure  the  anode  attachment  and  to  avoid  short  cuttings 
of  isolated  generator  segments  due  to  a  carbon  layer 
formation.  In  the  IRS  MPG  facility  continuous 
operation  with  methane  components  up  to  10%,  as 
required,  could  be  reached  for  several  hours. 


The  capability  of  the  IRS  plasma  wind  tunnels  to 
produce  plasma  flows  of  an  enthalpy  level  of  more 
than  one  hundred  MJ/kg  can  be  used  to  duplicate  the 
stagnation  point  flow  field  of  very  fast  space  vehicles 
as  expected  for  the  reentry  flight  of  a  comet  sample 
return  probe  like  ROSETTA  (see  Fig.  2.10)  or  of  a 
Mars  or  Venus  sample  return  probe  [31].  In  case  of  a 
comet  sample  return  mission  the  earth  entry  velocity 
of  the  probe  is  in  the  range  of  about  15  km/s.  This 
yields  a  specific  enthalpy  of  about  130  MJ/kg  and  a 
maximum  heat  flux  to  the  probe  of  more  than 
20  MW/m2.  During  the  aerobraking  maneuver  of  a 
sprint-type  manned  Mars  mission  similar  values  of 
the  quantities  mentioned  above  are  expected  (see 
Fig.  2.11) 


Fig.  2.10:  Heat  flux,  pressure,  specific  enthalpy 
profiles  and  mass  flow  rate  for  the  reentry  of 
ROSETTA  [31] 

(Thick  lines:  simulation  region  with  PWK) 


Fig.  2.11:  Heat  flux  and  stagnation  pressure 
profiles  during  aerobraking  flight  of  a  sprint  type 
Mars  mission  in  the  Earth’s  atmosphere  [31] 
(Thick  lines:  simulation  region  with  PWK) 


3.  Plasma  Wind  Tunnels 

The  term  plasma  wind  tunnel  is  to  be  understood 
as  a  stationary  test  facility  in  which  a  high  enthalpy 
flow  is  produced  with  the  help  of  a  plasma  generator. 
The  operating  times  range  typically  from  several 
minutes  to  several  hours.  Arc-driven  high  enthalpy 
shock  tube  tunnels,  such  as  the  ONERA  High  En- 
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thalpy  Wind  Tunnel  F4  [32],  which  like  other  shock 
tube  tunnels  have  operating  times  of  a  few  millisec¬ 
onds,  are  actually  plasma  wind  tunnels  too.  But  today 
they  are  put  in  a  class  with  the  shock  tube  tunnels. 
There  are  various  types  of  plasma  wind  tunnels, 
depending  on  the  kind  of  plasma  generator  used. 

As  already  pointed  out  it  is  basically  impossible 
to  create  a  complete  simulation  of  all  gas  parameters 
with  plasma  generators.  The  combustion  chamber 
pressures  necessary  for  this  would  be  around  1 0  GPa. 
It  is  not  primarily  the  mechanical  loads  which  makes 
this  impossible.  With  continually  operated  arcjet 
accelerators  the  pressure  is  principally  limited  to 
1  MPa  up  to  approximately  10  MPa.  At  such  a 
pressure  level  already  a  nitrogen  arc  with  a  diameter 
of  1  cm  and  a  temperature  of  20  kK  is  optically  thick 
[33],  This  means  that  the  arc  changes  into  a  radiation 
source  which  according  to  the  Stefan-Boltzmann  Law 
radiates  proportionately  T4  almost  like  a  black  body 
radiator.  When,  however,  the  radiation  losses  are  so 
extremely  high,  the  device  can,  on  the  one  hand,  not 
be  cooled  and  on  the  other  hand  every  increase  of  the 
arc  energy  leads  to  a  drastic  increase  of  the  radiation 
losses  and,  in  contrast  to  this,  only  to  a  small  increase 
of  plasma  flow  enthalpy  which  is  emitted  from  the 
device.  Thus  for  material  development  for  the 
thermal  protection  of  entry  bodies  one  is  dependent 
on  plasma  wind  tunnels  that  do  not  offer  a  complete 
simulation  of  entry  conditions.  Therefore,  one  equips 
varied  tunnels  so  that  the  influence  of  individual 
aspects  which  are  important  for  material 
investigations  can  be  estimated.  These  tunnels  can  be 
operated  for  minutes  or  for  hours  on  end,  whereby  the 
specific  enthalpy,  the  pressure,  the  heat  flux,  the  wall 
temperature  and  the  concentrations  of  the  most 
important  plasma  components  can  be  reproduced  near 
the  surface. 

A  plasma  wind  tunnel  consists  of  the  following 
components: 

-  a  vacuum  tank  at  IRS  equipped  with  a  moveable 
platform  for  positioning  of  the  TPS  sample, 

-  a  vacuum  pump  system  for  creating  the  low 
ambient  pressure  necessary  for  the  simulation, 

-  a  plasma  generator  to  create  the  high  enthalpy 
plasma  flow, 

-  a  suitable  power  supply  system,  usually  a  recti¬ 
fier  plant,  or  a  high  frequency  generator, 

-the  auxiliary  components  such  as  a  gas  and 
cooling  water  supply  at  different  pressures, 
emission  purifier  etc., 

-  and  the  measurement  equipment  and  data  proc¬ 
essing  system. 

As  an  example  for  the  facilities  at  IRS  the  scheme 
of  the  PWK  1  facility  can  be  seen  in  Fig.  3.1.  Figure 
3.2  shows  a  photograph  of  PWK  1. 


Fig.  3.1:  Scheme  of  plasma  wind  tunnel  PWK  1 


The  vacuum  tank  used  for  the  plasma  wind  tunnel 
PWK  1  is  a  5  m  long  steel  tank  with  a  diameter  of 
2  m,  divided  into  three  cylindrical  segments  all  of 
which  have  a  double-wall  cooling.  The  connection 
between  the  last  two  segments  is  protected  against 
heat  by  a  water-cooled  copper  shield. 


Fig.  3.2:  The  plasma  wind  tunnel  PWK  1 


The  tank  is  closed  with  a  hemispherical  part 
which  is  connected  to  the  vacuum  system  (see  section 
3.2)  and  protected  against  heat  by  water-cooled 
copper  shields.  On  the  other  side  the  vacuum  cham¬ 
ber  can  be  opened  by  moving  the  plane  cover  plate 
on  a  guide  rail.  The  plasma  source  is  not  located  in 
the  vacuum  tank,  but  flanged  on  a  conical  part  of  the 
plate.  The  cone-shaped  element  of  the  end  plate  en¬ 
ables  the  plasma  source  to  be  fixed  at  that  point.  The 
whole  plasma  jet  range  is  accessible  by  optical  meth¬ 
ods. 

The  tank  is  equipped  with  a  4-axis  positioning 
system  on  which  the  different  probes  and  the  speci¬ 
men  support  system  can  be  mounted.  This  allows  the 
simulation  of  parts  of  the  reentry  trajectories  by 
moving  the  specimen  in  the  plasma  flow. 

Windows  with  optical  glass  allow  pyrometric 
temperature  measurements  on  the  front  side  of  the 
specimen  at  distances  from  the  plasma  source  be¬ 
tween  about  50  mm  and  1000  mm.  Moreover,  spec- 
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troscopic  measurements  perpendicular  to  the  plasma 
jet  axis  are  possible  through  three  movable  flanges  of 
three  optical  glasses  each,  which  are  located  on  both 
sides  of  the  tank  opposite  each  other  and  on  the  top 
(see  Fig.  3.2). 

An  additional  vacuum  tank  of  identical  size  and 
with  the  same  equipment  is  available  in  a  second 
laboratory  of  IRS  (Fig.  3.3).  However,  this  vacuum 
tank  consists  only  of  one  segment,  made  of  stainless 
steel,  to  prevent  corrosion  caused  by  atomic  oxygen. 


Fig.  3.3:  The  plasma  wind  tunnel  PWK  2 


As  long  as  the  above  described  vacuum  tanks  are 
equipped  with  magnetoplasmadynamic  generators 
(section  4.2),  these  plasma  wind  tunnels  are  called 
PWK  1  or  PWK  2,  respectively.  If,  instead,  a  thermal 
plasma  generator  (section  4.1)  is  used,  they  are  called 
PWK  4. 

The  whole  experimental  setup  of  PWK  3,  shown 
in  Fig.  3.4,  consists  of  the  inductively  heated  plasma 
source  IPG3  (section  4.3)  and  the  vacuum  chamber. 
The  size  of  this  vacuum  chamber  is  about  2  m  in 
length  and  1.6  m  in  diameter.  Material  support  sys¬ 
tems  and  mechanical  probes  can  be  installed  onto  a 
moveable  platform  inside  the  tank.  Optical  accesses 
to  the  vacuum  chamber  are  provided  in  order  to  ob¬ 
serve  the  plasma  flow  and  to  perform  optical  diag¬ 
nostics.  As  can  be  seen  in  Fig.  3.5,  the  plain  lid  of 
PWK  3  is  to  carry  the  plasma  generator  and  the  ex- 


Fig.  3.4:  Scheme  of  plasma  wind  tunnel  PWK  3 


temal  resonant  circuit,  which  contains  the  capacitors 
with  the  connection  to  the  plasma  generator. 


Fig.  3.5:  The  plasma  wind  tunnel  PWK  3 


All  the  plasma  wind  tunnels  PWK  1  -  4  are  con¬ 
nected  to  the  central  vacuum  (section  3.2),  the  central 
power  (section  3.1)  and  the  central  gas  supply 
system. 

The  plasma  wind  tunnel  PWK  5,  also  equipped 
with  a  thermal  plasma  generator  (section  4.1),  is  not 
connected  to  a  vacuum  system.  Thus,  this  test  facility 
is  suitable  for  testing  TPS  materials  at  pressure  levels 
higher  than  1 05  Pa.  The  scheme  of  PWK  5  can  be 
seen  in  Fig.  3.6. 


Cooling 


Fig.  3.6:  Scheme  of  plasma  wind  tunnel  PWK  5 


Fig.  3.7:  The  plasma  wind  tunnel  PWK  5 

The  tank  of  PWK  5  (Fig.  3.7)  is  a  0.7  m  long  steel 
chamber  with  a  diameter  of  0.5  m,  equipped  with 
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double-wall  cooling.  It  is  equipped  with  a  specimen 
support  system  which  is  moveable  manually  along  the 
plasma  flow.  Also  the  PWK  5  is  connected  to  the 
central  power  supply  and  gas  supply  system. 


3.1  Power  supplies 

The  electric  power  for  the  arc  plasma  generators 
is  supplied  by  a  current-regulated  thyristor  rectifier 
consisting  of  six  identical  units  supplying  1  MW  each 
(Figs.  3.8  -  3.9).  These  may  be  connected  in  series  or 
parallel,  thus  varying  the  desired  output  level  of 
current,  voltage,  and  power.  The  current  ripple  is  less 
than  0.5  %.  The  maximum  current  is  48  kA  supplied 
at  125  V  and  the  maximum  voltage  is  6000  V  at  a 
current  of  1000  A. 


Fig.  3.8:  Voltage  vs.  power  characteristic  of  the 
power  supply  system 


Fig.  3.9:  High  voltage  thyristor  units  of  the  power 
supply  system 


For  the  inductively  heated  plasma  wind  tunnel 
PWK  3  a  radio  frequency  generator  with  a  primary 
power  of  400  kW  is  used.  This  device  allows  the  op¬ 
eration  of  an  induction  coupled  plasma  generator  with 
a  coil  power  of  150  kW  at  a  nominal  frequency  of 
650  kHz.  An  external  resonance  circuit  is  designed 
for  an  optimal  coupling  into  the  plasma  over  a  wide 
pressure  range  with  different  gases. 


Amount  of  capacitors  [  -  ] 


Fig.  3.10:  Nominal  operating  frequencies  for 
different  capacitor  switchings 


The  resonant  circuit  is  built  in  Meissner  type 
switching  [34]  using  a  metal-ceramic  triode  with  an 
oscillator  efficiency  of  about  75  %  [35],  Its  nominal 
frequency  can  be  changed  by  switching  the  order  or 
the  number  of  capacitors  (see  Fig.  3.10)  as  well  as  by 
the  use  of  coils  with  different  inductivities.  A  maxi¬ 
mum  of  7  capacitors  with  a  capacity  of  6000  pF  ± 
20%  each  can  be  connected.  The  external  resonant 
circuit  is  cooled  by  a  high  pressure  water  cooling 
circuit.  The  error  bars  in  Fig.  3.10  take  into  account 
the  tolerances  of  the  capacitors.  For  the  present  in¬ 
vestigations  it  is  tuned  to  a  nominal  frequency  of 
0,55  MHz  using  a  water-cooled  5-turn  coil  with  a 
length  of  about  120  mm.  The  incoming  anode  power 
can  be  adjusted  by  the  control  of  the  anode  voltage. 


3.2  Vacuum  System 

A  vacuum  pump  system  is  used  to  simulate  pres¬ 
sures  at  altitudes  up  to  90  km.  This  pumping  system 
consists  of  four  stages:  the  first  two  stages  consist  of 
roots  blowers,  the  third  stage  is  a  multiple  slide  valve 
type  pump,  and  the  last  stage  (pumping  up  to 
atmospheric  pressure)  is  a  rotary  vane  type  pump 
(Figs.  3.11-3.12).  The  total  suction  power  of  the 
pumps  amounts  to  6000  m3/h  at  atmospheric  pressure 
and  reaches  about  250000  m3/h  at  10  Pa  measured  at 
the  intake  pipe  of  the  system,  which  has  a  diameter  of 


Fig.  3.11:  Suction  power  of  the  vacuum  system 
1  m.  The  base  pressure  of  the  system  is  0.5  Pa.  The 
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desired  tank  pressure  can  be  adjusted  between  the 
best  achievable  vacuum  and  1 00  kPa  by  removing 
one  or  more  pumps  from  the  circuit  and/or  mixing 
additional  air  into  the  system  close  to  the  pumps. 


Fig.  3.12:  Roots  pump  stage  (4th  stage) 
of  the  vacuum  system 


4.  Plasma  Generators 

Two  plasma  generator  concepts,  the  thermal  and 
the  magnetoplasmadynamic  generator  (TPG  and 
MPG),  are  in  use  in  the  arc  heated  plasma  wind  tun¬ 
nels;  they  mainly  differ  in  the  acceleration  concept. 

In  thermal  arc  generators  (TAG)  the  test  gas  is 
heated  by  means  of  an  electric  arc  and  usually  accel¬ 
erated  through  a  Laval  nozzle.  Regarding  magneto¬ 
plasmadynamic  generators  (MPG),  additional  elec¬ 
tromagnetic  forces  are  used  to  accelerate  the  test  gas. 
The  inductive  plasma  generator  (IPG)  also  belongs  to 
the  group  of  TPGs.  With  this  electrode  less  design  the 
plasma  is  produced  by  inductive  heating  using  a  radio 
frequency  generator.  With  the  TPG,  where  the  gas  is 
first  constricted  into  a  kind  of  chamber,  the 
hypothetic  chamber  conditions  p0,  h0  and  T0  may  be 
used  as  reference  parameters.  This  does  not  make 
sense  with  an  MPG,  where  magnetic  acceleration 
occurs  in  the  nozzle. 


4.1  Thermal  arc  generators 
(TAG) 

Thermal  arc  generators  for  wind  tunnel  applica¬ 
tions  are  run  at  high  pressures,  high  mass  flows  and 
an  electric  power  of  up  to  100  MW  [36].  In  order  to 
keep  the  electrode  losses  and  especially  the  erosion 
of  the  cathode  to  a  minimum,  the  current  intensity  of 
the  TAG  should  be  kept  as  low  as  possible.  As  a  re¬ 
sult  the  voltage  is  high.  The  electrodes  of  those  ap¬ 
paratus  that  are  used  for  the  simulation  of  reentry  into 
the  earth's  atmosphere  are  mostly  water-cooled  and 
usually  made  of  copper.  During  the  simulation  of 
atmospheres  without  oxygen  components,  hot, 
glowing  cathodes  made  of  thoriated  tungsten  may  be 
employed,  their  advantage  being  an  extremely  low 
rate  of  erosion. 


The  erosion  of  the  cold  cathodes  is  relatively  high 
and  influences  the  quality  of  the  plasma  flow. 
Especially  copper  particles  are  unwanted  in  the 
plasma  since  they  may  be  deposited  on  the  material 
that  still  has  to  be  examined  and  they  possibly  influ¬ 
ence  the  catalycity  of  the  samples.  In  addition,  in  the 
case  of  water-cooled  cathodes,  a  locally  settled  arc 
attachment  spot  on  the  cathode  leads  to  its  destruc¬ 
tion.  Therefore,  with  most  TAGs  the  electric  arc  at¬ 
tachment  at  the  cathode  is  rotated  by  means  of  a 
magnetic  field. 

The  anode  attachment  of  the  arc  at  these  high 
pressures  is  actually  unstable  because  it  is  not  possi¬ 
ble  to  create  enough  charge  carriers  in  the  anode 
layer.  So  one  or  several  moving  arc  attachment  spots 
are  formed  which  would  destroy  the  water-cooled 
anodes  of  the  TAG.  One  can  try  to  prevent  this  by 
"stabilizing"  the  anode  attachment  with  the  help  of  an 
axial  magnetic  field  and/or  a  gas  turbulence.  This 
process  is  called  stabilization,  but  it  is  actually  more 
like  a  destabilization  because  the  arc  attachment  is 
caused  to  move  rapidly  over  the  electrode. 

In  principle  there  are  three  different  concepts,  the 
hollow  electrode  arc  heaters  used  for  example  at  the 
DLR  in  Cologne  [37]  and  at  SIMOUN  by  Aerospa¬ 
tiale  [38],  the  constricted  arc  plasma  generators,  used 
for  example  at  NASA  Ames  [36]  and  the  glowing 
rod-shaped  cathode  device  as  for  example  developed 
at  the  IRS  and  described  below. 


The  attainable  exit  speed  ce  of  the  plasma  with  all 
these  TPGs  is  essentially  dependent  on  two  values: 
the  mean  effective  molecular  weight  Meff  of  the  gas 

which  corresponds  to  a  temperature  and  a  pressure 
which  lies  between  the  values  in  the  combustion 
chamber  and  those  at  the  nozzle  end,  and  the 
attainable  arc  chamber  temperature  T0. 


by: 


In  a  first  approximation,  the  exit  velocity  is  given 


2  Keff  R  T0 


-  1  M 


(4.1) 


eff 


since  the  temperature  at  the  nozzle  exit  can  be  con¬ 
sidered  as  very  low  compared  to  the  arc  chamber 
temperature  T0.  The  dependence  on  the  effective 
adiabatic  coefficient  Keff  is  low. 

The  gas  used  in  PWK  facilities  is  determined  by 
the  composition  of  the  atmosphere  to  be  simulated. 
The  effective  mean  molecular  weight  is  hereby 
mainly  dependent  on  the  pressure  in  the  accelerator 
and  the  temperature  by  means  of  the  dissociation  and 
the  ionization  degree.  It  decreases  as  the  temperature 
rises  and  the  pressure  falls.  In  order  to  reach  high 
flow  velocities,  the  temperature  in  the  arc  chamber 
must  be  as  high  as  possible.  The  maximum  arc 
chamber  temperature  is  limited  by  the  maximum 
possible  cooling  rate  at  the  chamber  wall. 
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TAGs  are  operated  at  high  pressures  (from  sev¬ 
eral  105  Pa  to  approx.  10  MPa),  high  weight  rates  of 
flow  (up  to  several  kg/s)  and  electric  power  of  up  to  a 
maximum  of  1 00  MW.  In  order  to  keep  the  erosion  of 
the  electrodes  and  the  electrode  fall  losses  to  an 
absolute  minimum,  the  working  point  of  a  TAG  is  at 
the  lowest  possible  current  intensity  because  both 
losses  are  proportional  to  the  current  intensity. 
Therefore  the  necessary  power  for  accelerating  the 
gas  is  coupled  in  at  the  highest  possible  voltage  level, 
usually  at  several  kV.  However,  undesired  discharges 
must  be  prevented  which  in  turn  limits  the  voltage. 
Thus,  voltages  higher  than  30  kV  are  difficult  to 
obtain  and  current  intensities  of  several  kA  in  larger 
facilities  are  unavoidable.  This  leads  to  a  pro¬ 
portionately  high  erosion  of  both  electrodes  and  con¬ 
sequently  to  a  high  impurity  level  and  low  electrode 
life  times. 

In  order  to  simulate  high  enthalpy  air  flows  at 
pressure  levels  above  5  kPa,  which  is  the  limit  of 
MPGs  (see  section  4.2)  and  in  heat  flux  ranges  be¬ 
tween  1 00  kW/m2  and  about  3  MW/m2  in  stagnation 
point  configuration,  a  coaxial  thermal  plasma  gen¬ 
erator  (TPG)  called  RB3  (Fig.  4.1)  has  been  devel¬ 
oped  for  the  PWK  4.  In  Fig.  4.2  the  nozzle  part  of  the 
RB3  generator  installed  in  PWK  4  can  be  seen. 
Figure  4.3  shows  the  generator  in  operation  during  a 
material  test. 


The  test  gas  is  heated  in  the  discharge  chamber  by 
an  electric  arc  and  accelerated  in  a  nozzle.  In  the 
present  version  a  2  %  thoriated  tungsten  cathode  is 
used.  The  anode  is  a  water-cooled  copper  cylinder, 
whereas  the  nozzle  is  electrically  insulated.  Since 
contact  between  the  oxygenic  part  of  the  test  gas  and 
the  cathode  has  to  be  avoided,  the  air  used  for  re-en¬ 
try  simulation  is  divided  into  two  parts.  As  main  part 
the  nitrogen  is  passed  along  the  cathode  into  the 
plenum  chamber.  The  oxygen  is  injected  at  the 
downstream  end  of  the  anode  towards  the  nozzle 
throat.  To  ensure  a  good  mixing  of  the  nitrogen  and 
the  oxygen,  the  injection  point  is  positioned  in  the 
subsonic  part  of  the  TAG  so  that  a  backflow  of  oxy¬ 
gen  into  the  cathode  region  cannot  be  ruled  out 
completely.  However,  tests  have  shown  that  the 
cathode  erosion  rate  due  to  the  bi-throat  design  for 


RB3  is  as  low  as  observed  in  the  MPGs  operated  in 
PWK  1  and  PWK  2  and  in  the  order  of  the  sublima¬ 
tion  rate  [39].  To  avoid  anode  erosion  due  to  spotty 
arc  attachment,  a  coil  is  used  to  generate  an  axial 
magnetic  field  which  moves  the  arc  rapidly  around. 


Fig.  4.2:  RB3  installed  in  PWK  4 


Fig.  4.3:  RB3  in  operation 


The  adjustable  parameters  in  PWK  4  equipped 
with  RB3  are  the  arc  current,  the  mass  flow  rate,  the 
ambient  pressure  and  the  distance  to  the  exit  of  the 
plasma  source.  The  arc  voltage  is  decreasing  with 
rising  arc  current  and  is  in  the  order  of  120  -  160  V, 
increasing  with  mass  flow  (Fig.  4.12).  The  thermal 
efficiency,  defined  as 

%=PdpQt0t  .  (4-2) 

rel 

with  the  total  electrical  input  power  PeI  and  the  total 
heat  losses  inside  the  plasma  source  Qtot,  is  about 

72  %  with  a  mass  flow  rate  of  5  g/s  N2/02  and  about 
82%  with  10g/sN2/O2  (Fig.  4.14).  It  decreases 
slightly  with  increasing  current  due  to  the  increase  of 
pressure  in  the  arc  chamber,  whereas  the  averaged 
specific  enthalpy  at  the  nozzle  exit 

h  =  Pel  ~  Qtot  (4.3) 

m 

increases  (see  Fig.  4.13).  The  arc  chamber  pressure, 
which  determines  the  maximum  expansion  ratio,  is  in 
the  order  of  40  to  90  kPa,  increasing  with  mass  flow 
and  arc  current  (Fig.  4.15). 
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The  conditions  in  the  measurement  section  of 
PWK  4,  namely  the  stagnation  pressure,  the  heat  flux 
measured  with  a  cold  copper  probe  and  the  cor¬ 
responding  local  specific  enthalpy  calculated  with 
Pope's  theory  [40],  are  plotted  as  functions  of  the 
ambient  pressure  in  Figs.  4.4  and  4.5  for  two  different 
mass  flow  rates.  With  5  g/s  (Fig.  4.4)  at  an  ambient 
pressure  of  450  Pa  the  maximum  heat  load  situation 
of  the  Japanese  space  plane  Hope  can  be  simulated. 
By  increasing  the  mass  flow  rate  to  10  g/s  (Fig.  4.5) 
and  slightly  increasing  the  ambient  pressure,  the 
stagnation  pressure  reaches  ca.  10  kPa  at  a  heat  flux 
level  of  ~  2.2  MW/m2  and  a  specific  enthalpy  of 
24  MJ/kg.  In  order  to  meet  the  requirements  of 
Colibri,  the  stagnation  pressure  has  to  be  increased 
again  by  a  factor  of  two,  which  can  easily  be  done  by 
further  increasing  the  mass  flow  rate,  the  power  and 
the  ambient  pressure. 


Ambient  Pressure  [hPa] 


Fig.  4.4:  Local  specific  enthalpy,  heat  flux  and 
stagnation  pressure  as  a  function  of  the  ambient 
pressure  for  a  mass  flow  rate  of  5  g/s  air  [2] 
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Fig.  4.5:  Local  specific  enthalpy,  heat  flux  and 
stagnation  pressure  as  a  function  of  the  ambient 
pressure  for  a  mass  flow  rate  of  10  g/s  air  [2] 

For  the  plasma  generation  in  PWK  5  a  TAG  is 
also  used.  The  high  enthalpy  flow  is  created  by  the 
atmospheric  plasma  generator  APG1  [41],  shown  in 
Fig.  4.6.  The  design  is  based  on  an  arc  heater  devel¬ 
oped  by  Wilhelmi  [42],  It  consists  of  a  water-cooled 
copper  anode  and  mixing  chamber  and  a  tungsten 
cathode.  Because  of  the  hot  cathode,  only  inert  gases 
can  be  fed  along  the  cathode.  The  ignition  of  the  arc 


is  performed  by  a  Paschen  breakdown  as  for  the  other 
TAGs  and  MPGs.  Due  to  the  higher  chamber 
pressure  in  this  device,  argon  is  used  as  propellant 
during  the  ignition.  The  argon  is  then  gradually  re¬ 
placed  by  the  test  gas.  The  oxygen  is  injected  into  the 
mixing  chamber  downstream  behind  the  anode. 

Two  anodes  with  diameters  of  8  mm  and  10  mm 
are  available.  The  current-voltage  and  current-power 
characteristic  is  shown  in  Fig.  4.7.  The  maximum 
electric  power  is  about  46  kW.  The  optimal  operation 
range  with  respect  to  the  erosion  of  the  electrodes  is 
between  200  -  500  A.  In  this  range  averaged  specific 
enthalpies  h  at  the  nozzle  end  of  6  MJ/kg  up  to 
1 1  MJ/kg  are  generated  with  a  total  mass  flow  of 
1.1  g/sN2/02.  The  maximum  thermal  efficiency  at 
these  conditions  is  about  40  %  [43]. 


Fig.  4.6:  The  atmospheric  plasma  generator  APG1 
[43] 


Current  [A] 


Fig.  4.7:  Current-voltage  and  current-power 
characteristic,  10  mm  anode,  distance  of  the 
electrodes:  3  mm  [43] 


4.2  Magnetoplasmadynamic 
generators  (MPG) 

In  the  60s  and  early  70s  first  investigations  were 
performed  to  determine  to  what  extent  MPGs,  being 
developed  as  plasma  thrusters,  were  suitable  for  the 
simulation  of  entry  conditions.  Applied  field  as  well 
as  self-field  accelerators  were  tested  at  that  time  [44, 
45], 

The  acceleration  principle  of  a  self-field  MPG  is 
shown  schematically  in  Fig.  4.8.  An  arc  is  produced 
between  the  cathode  and  anode  of  these  devices.  The 
gas  is  heated  up,  dissociated  and  partly  ionized  by  the 
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arc  within  the  heating  chamber.  The  self-induced 
magnetic  field  due  to  the  high  arc  current  creates  a 
Lorentz  force  which  accelerates  the  plasma  in  the 
supersonic  part  of  the  nozzle  in  addition  to  the  ther¬ 
mal  acceleration  through  the  Laval  nozzle.  Therefore, 
the  attainable  exit  velocities  are  much  higher 
compared  to  those  with  the  TAG.  The  magnetoplas- 
madynamic  acceleration  can  be  shown  to  be  propor¬ 
tional  to  the  square  of  the  current  [46],  Therefore,  to 
achieve  high  gas  velocities,  it  is  essential  to  operate  at 
a  high  current  level  (kA). 


With  the  applied  field  MPG,  an  applied  magnetic 
field  is  used  to  accelerate  the  plasma  instead  of  the 
self-induced  field  in  the  case  of  a  self-field  MPG. 
Since  the  required  densities  for  plasma  wind  tunnels 
are  relatively  high,  extremely  high  magnetic  fields  of 
10  -  90  T  have  to  be  generated  when  using  an  applied 
field  MPG.  At  AVCO  in  the  US,  a  prototype 
apparatus  for  dynamic  pressures  reaching  nearly 
1  MPa  and  mass  flows  up  to  0.6  kg/s  in  1  ms  pulses 
was  tested  in  1970  [44].  The  results  were  encourag¬ 
ing.  However,  the  expenditure  needed  to  run  these 
apparatus  in  continuous  operation  mode  is  so  great 
that  to  this  day  only  a  plasma  wind  tunnel  in  Russia 
has  been  equipped  with  an  applied  field  MPG  [47], 

Self-field  MPGs  of  different  sizes  have  been  de¬ 
veloped  over  the  past  few  years  at  the  IRS.  They  are 
employed  successfully  in  the  IRS  wind  tunnels 
PWK  1  and  PWK  2  for  investigating  erosion  prop¬ 
erties  as  well  as  ablation  of  heat  protection  materials 
and  they  are  therefore  looked  at  more  closely  here. 

The  nozzle-type  MPG  plasma  generators  (dubbed 
RD),  as  shown  in  Fig.  4.9,  consist  of  two  coaxial 
electrodes,  separated  by  neutral,  water-cooled  copper 
segments.  The  nozzle  exit,  which  is  also  a  water- 
cooled  segment,  forms  the  anode.  The  cathode,  made 
of  2  %  thoriated  tungsten,  is  mounted  in  the  center  of 
the  plenum  chamber. 


The  arc  is  ignited  by  a  Paschen  breakdown.  The 
current  passes  through  the  expansion  nozzle  from  the 
cathode  tip  to  the  end  of  the  nozzle.  The  test  gas  is 
dissociated  and  partly  ionized.  In  order  to  avoid  the 
oxidation  of  the  cathode,  only  the  nitrogen  com¬ 
ponent  of  the  test  gas  is  fed  in  along  the  cathode  into 
the  plenum  chamber,  heated  up  by  the  arc  and  accel¬ 
erated  partly  by  the  thermal  expansion  and  partly  by 
the  electromagnetic  forces  due  to  the  self-induced 
magnetic  field  in  the  nozzle.  The  magnitude  of  the 
magnetic  acceleration  force  strongly  depends  on  the 
current  level  of  operation  [46].  With  this  MPG,  the 
oxygen  needed  for  the  duplication  of  high  enthalpy 
air  flows  is  fed  in  radially  at  a  high  velocity  at  the 
supersonic  part  of  the  nozzle,  but  still  within  the  arc 
region.  The  various  gas  injection  points  enable  the 
operation  of  the  MPG  with  different  gas  mixtures.  As 
pointed  out  earlier  this  capability  is  used  for  the 
investigation  of  entry  maneuvers  into  the  atmospheres 
of  other  celestial  bodies  such  as  Titan  and  Mars, 
containing  CH4  and  C02,  respectively. 

Special  efforts  have  been  made  to  minimize  the 
erosion  of  the  plasma  generator.  In  order  to  avoid  a 
spotty  arc  attachment  on  the  anode,  which  would 
cause  a  contamination  of  the  plasma  flow,  a  small 
amount  of  argon  is  injected  tangentially  along  the 
anode  contour.  This  method  has  been  shown  ex¬ 
perimentally  to  eliminate  anode  erosion  [2],  Within 
the  whole  region  of  operation  the  only  contaminating 
part  of  the  MPG  is  the  cathode.  The  2  %  thoriated 
tungsten  cathode  reaches  more  than  3000  K  during 
the  steady-state  operation  [39],  The  high  temperature 
and  the  low  work  function  of  the  cathode  result  in  a 
diffuse  arc  attachment  and,  consequently,  a  very  low 
cathode  erosion  rate  at  the  order  of  sublimation. 
Furthermore,  the  very  low  cathode  erosion  results  in 
operation  periods  of  the  MPG  of  hundreds  of  hours 
without  refurbishment  of  the  generator. 


Fig.  4.9:  Magnetoplasmadynamic  generator  RD5 


The  MPGs  are  operated  at  ambient  pressures  be¬ 
tween  5  Pa  and  5  kPa.  For  the  MPG  generator  RD5, 
shown  in  Figs.  4.9  and  4.10,  with  a  nozzle  exit 
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diameter  of  125  mm,  the  mass  flows  are  between 
0.3  g/s  and  50  g/s  at  current  levels  between  200  A  to 
4000  A  and  power  levels  of  40 _kW  to  1  MW,  while 
the  average  specific  enthalpy  h  at  the  nozzle  exit 
varies  between  2  MJ/kg  and  150  MJ/kg. 


Fig.  4.10:  The  RD5  generator  installed  in  the 
PWK 


For  testing  large  TPS  structures  an  MPG  genera¬ 
tor  with  enlarged  nozzle  has  been  built.  While  the 
RD5  generator  has  a  nozzle  exit  diameter  of  125  mm 
(Fig.  4.9),  the  nozzle  diameter  of  RD7  is  320  mm 
(Fig.  4.11),  which  enables  the  investigation  of  TPS 
materials  up  to  400  mm  in  diameter  [48]. 


Fig.  4.11:  Scheme  of  the  plasma  generator  RD7 


In  Figs.  4.12  and  4.13  the  current-voltage 
characteristic  and  the  mean  specific  enthalpy  h  at  the 
end  of  the  plasma  generator  (Eq.  4.3)  as  a  function  of 
the  current  intensity  are  shown  for  various  mass  flows 
for  the  plasma  accelerators  RD5.  Data  of  the  RB3 
performance  are  also  included  in  these  figures. 

Since  the  degree  of  ionization  decreases,  the 
voltage  increases  with  the  mass  flow.  The  specific 
enthalpies  are  dependent  on  the  mass  flow  and  the 
current  intensity;  low  mass  flow  and  high  current  in¬ 
tensity  make  it  possible  to  reach  specific  enthalpies  of 
up  to  150  MJ/kg  which  can,  for  example,  appear 
during  return  missions  to  Earth  or  during 
aerobreaking  maneuvers.  The  specific  enthalpies 
which  are  attainable  with  an  MPG  are  high  compared 
to  those  reached  with  a  TAG.  This  can  essentially  be 
attributed  to  two  reasons: 


•  additional  acceleration  of  the  gas  through 
magnetic  Lorentz  forces  j  x  B ; 


•  heating  the  gas  up  to  the  nozzle  exit,  which  leads 
to  a  high  enthalpy  (and  temperature)  of  the  gas 
at  the  beginning  of  the  free  jet. 


1000  2000  3000  4000 

Current  [A] 


Fig.  4.12:  Current-voltage  characteristic  of  the 
MPG  RD5  and  the  TPG  RB3 


Current  [A] 

Fig.  4.13:  Specific  enthalpy  vs.  current  for  the 
MPG  RD5  and  the  TPG  RB3 


Compared  to  the  TAG,  the  plasma  source  (or 
thermal)  efficiency  rith  (see  Eq.  4.2)  of  the  MPG  is 
high.  It  is  almost  independent  of  the  current  level  and 
lies  between  70  %  and  90  %  (see  Fig.  4.14).  This  is 
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due  to  the  low  combustion  chamber  pressure  in  the 
RD  generator,  which  is  dependent  on  the  electric 
power  and  the  mass  flow  and  lies  between  2  and 
40  kPa  (Fig.  4.15).  Radiation  losses  do  not  play  a  role 
at  these  pressure  levels. 
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Fig.  4.15:  Arc  chamber  pressure  vs.  current  for 
RD5  and  RB3 

Since  there  are  various  possibilities  for  the  gas 
supply  for  the  RD-devices,  these  plasma  sources  are 
ideal  for  simulating  the  entry  conditions  into  the  at¬ 
mospheres  of  other  celestial  bodies.  In  PWK2,  for 
example,  the  qualification  tests  were  carried  out  for 
the  heat  shield  of  Huygens  for  the  entry  into  the  at¬ 
mosphere  of  Saturn's  moon  Titan  [7,  8]  (Fig.  4.16). 
Currently,  preparations  are  being  made  for  a  Mars 
mission.  Both  atmospheres  contain  carbonaceous 
gases. 


Fig.  4.16:  Material  test  for  Huygens  reentry 


The  plasma  source  is  also  suitable  for  the  sys¬ 
tematic  investigation  of  the  influence  of  individual 
plasma  components.  Therefore,  tests  of  kinetic  effects 
and  the  influence  of  individual  components  on 
erosion  can  also  be  performed  at  the  IRS.  The  plasma 
jet,  created  by  an  MPG,  is  neither  in  thermal  nor  in 
chemical  equilibrium.  Therefore,  by  investigating  the 
plasma  of  different  cross  sections  using  experimental 
diagnostic  methods,  numerical  non-equilibrium  codes 
can  be  validated. 
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For  further  optimization  of  the  MPGs  and  for  the 
investigation  of  the  local  test  conditions  in  MPG 
wind  tunnels,  a  computational  method  is  presently 
being  developed  [14].  This  is  based  on  numerical 
methods  which  have  already  been  qualified  for 
plasma  thrusters  [13]. 

4.3  The  inductive  plasma 
generator  IPG 

One  basic  aim  of  reentry  material  experiments  is 
the  investigation  of  the  catalytic  behavior.  Due  to  the 
cathode  erosion  of  the  TAG  and  MPG  generators, 
plasma  pollution  is  present,  which  may  lead  to  un¬ 
wanted  chemical  reactions  in  front  of  the  material 
probe.  Therefore,  an  electrodeless,  inductively  heated 
plasma  generator  IPG,  which  enables  the  generation 
of  metallic  particle  free  plasma  flows,  has  been 
developed  at  the  IRS.  The  behavior  of  the  probe  and 
the  plasma  in  front  of  it  can  be  considered  to  be 
unadulterated.  This  means  that  it  is  possible  to  in¬ 
vestigate  the  catalytic  behavior  of  the  TPS  material 
and  to  make  a  comparison  between  the  inductively 
heated  plasma  and  the  arc-heated  plasma.  The  second 
advantage  also  results  from  the  inductively  coupled 
power  input:  Even  rather  reactive  gases  (oxygen, 
carbon  dioxide)  are  applicable.  Hence,  atmospheres 
of  celestial  bodies  like  Mars  or  Venus  can  be 
simulated.  The  influence  of  the  single  gas  com¬ 
ponents  can  be  investigated  e.g.  with  regard  to  the 
catalytic  behavior  of  a  material. 


Fig.  4.17:  Scheme  of  the  induction  heated  plasma 
generation 


An  inductive  plasma  generator  basically  consists 
of  an  induction  coil  surrounding  a  quartz  tube  and 
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capacities,  as  schematically  shown  in  Fig.  4.17.  This 
resonant  circuit  is  fed  by  an  energy  supply.  The  al¬ 
ternating  current  in  the  coil  induces  a  mostly  azi¬ 
muthal  electric  field  inside  the  quartz  tube.  This 
electric  field  initiates  an  electric  discharge  in  the  gas 
which  is  injected  at  one  side  into  the  tube  (see 
Fig.  4.18).  The  produced  plasma  is  expanded  into  the 
vacuum  chamber.  The  electric  discharge  in  the 
plasma  is  carried  by  mostly  azimuthal  currents.  The 
current  amplitude  -  and  thus  the  Ohmic  heating  - 
strongly  depends  on  the  electric  conductivity  of  the 
plasma  and  the  resonant  frequency  of  the  electric 
circuit. 

According  to  Lenz’s  law,  the  currents  in  the 
plasma  produce  a  magnetic  field  to  counteract  the 
electromagnetic  field  of  the  induction  coil.  This  gives 
rise  to  a  limitation  of  the  penetration  depth  of  the 
external  magnetic  field.  This  so-called  skin-depth  8 
depends  on  the  electrical  conductivity  a  and  the 
frequency  f  [49,  50]: 


The  higher  the  electric  conductivity  of  the  plasma  and 
the  higher  the  resonant  frequency,  the  lower  the  skin- 
depth,  and  thus,  the  penetration  of  the  external 
electromagnetical  field  into  the  plasma. 

The  plasma  generator  IPG3  is  shown  in  Fig.  4.18. 
The  gas  injection  head  enables  different  gas  injection 
angles.  The  quartz  tube  contains  the  produced 
plasma,  which  leaves  the  generator  through  the  water- 
cooled  vacuum  chamber  adapter.  The  induction  coil 
is  connected  to  the  external  resonant  circuit,  which 
delivers  power  and  high  pressure  cooling  water. 
Furthermore,  both  the  tube  and  the  coil  are 
surrounded  by  the  external  tube  cooling,  which 
protects  the  tube  from  overheating.  The  total  length 
of  IPG3  is  about  0.35  m,  its  diameter  about  0.08  m. 

cooled  chamber  adapter 

external  tube  cooling 

water  cooled  induction  coil 

cooling  flange 
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inner  gas  injection  head 
Fig.  4.18:  View  of  the  plasma  source  IPG3 

As  mentioned  before,  various  gas  injection  angles 
are  achievable  by  replacing  the  inner  gas  injection 
head  with  others  which  have  different  bore  angles. 
Therefore,  the  influence  of  the  injection  angle  on  the 


operational  behavior  of  IPG3  can  be  studied  and  op¬ 
timized  for  certain  applications.  It  is  evident  that  the 
plasma  is  continuously  swept  away  by  an  axially  in¬ 
jected  gas  [49].  Using  a  tangential  injection  of  the  gas 
enables  the  plasma  to  be  stabilized.  Furthermore, 
lower  pressure  can  be  expected  in  the  tube’s  center. 
So  on  the  one  hand  the  plasma  recirculates,  on  the 
other  hand  it  is  kept  away  from  the  inner  surface  of 
the  tube.  Hence,  a  lower  heat  load  of  the  tube  can  be 
achieved  and  higher  power  can  be  applied.  An  axial 
optical  access  through  the  inner  injection  head  en¬ 
ables  investigations  of  the  plasma  inside  the  genera¬ 
tor.  Figure  4.18  schematically  shows  the  optical  ac¬ 
cess  and  Fig.  4.19  the  optical  window  of  IPG3  while 
it  is  in  operation  with  argon.  The  tube  cooling  system 
is  transparent;  therefore,  the  position  of  the  "plasma 
flame"  within  the  tube  can  be  observed  with  regard  to 
different  operating  parameters  such  as  chamber 
pressure,  gas,  mass  flow  rate  and  anode  power. 
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Fig.  4.19:  Plasmagenerator  IPG3  in  operation 
( argon  );  top:  side  view; 
middle  and  lower:  axial  optical  window 
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Additionally,  this  feature  is  supported  by  the  axial 
optical  window. 

Figure  4.19  shows  IPG3  and  its  tube  cooling 
while  operating  with  argon.  The  top  picture  in 
Fig.  4.19  is  a  side  view  of  IPG3,  the  middle  and 
lower  pictures  the  axial  optical  access  of  IPG3. 

As  indicated  in  Fig.  4.17,  the  Meissner  type 
resonant  circuit  is  supplied  by  the  DC  anode  power 
Pa,  which  is  calculated  from  the  measured  anode 
voltage  Ua  and  the  anode  current  Ia  during  the  op¬ 
eration  of  the  device  [24],  The  anode  voltage  is  con¬ 
trolled.  Hence,  the  anode  current  results  from  the 
load  of  the  resonant  circuit  (plasma)  and  the  accom¬ 
panying  operating  conditions. 

The  operational  frequencies  were  measured  using 
a  Rogowski  coil,  which  was  wrapped  around  one  of 
the  inductor  connections  (see  Fig.  3.4). 

All  measurements  presented  here  were  performed 
at  an  ambient  pressure  of  about  100  Pa  inside  the 
vacuum  chamber  and  with  7  capacitors  switched  in 
parallel  (see  Fig.  3.10).  The  measurements  were 
made  using  air  and  argon  with  different  anode  pow¬ 
ers.  The  gases  were  tangentially  injected.  Figure  4.20 
shows  the  determined  frequencies  for  argon  and  air 
versus  the  anode  power  Pa .  The  averaged  value  for 
the  frequency  in  air  operation  is  510  kHz,  the 
averaged  value  for  argon  is  528  kHz.  The  different 
frequencies  can  be  most  likely  explained  by  the 
different  field  dampings  due  to  the  mutual  inductions, 
which  lead  to  a  change  of  the  inductivity.  This  again 
changes  the  operational  frequency. 
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Fig.  4.20:  Operational  frequencies  (argon  and  air) 

A  CID  camera  was  used  to  investigate  the  dis¬ 
charge  and  to  measure  the  radial  intensity  distribution 
of  the  plasma.  The  measurement  was  done  through 
the  axial  optical  window  of  IPG3.  Its  focus  was  about 
0.05  m  behind  the  closest  coil  winding;  the  camera's 
distance  to  the  axial  outlet  was  about  2.5  m. 
Therefore,  the  rf-protection  cage  meshes,  as  can  be 
seen  in  Fig.  4.21,  could  be  used  as  a  geometric  net 
enabling  the  introduction  of  the  tube's  diameter 
geometry.  The  camera  has  a  spectral  response  in  a 
wide  wavelength  range  leading  to  an  arbitrary  in¬ 
tensity  distribution;  therefore,  the  data  were  normal¬ 
ized  with  respect  to  the  measured  maximum. 
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Fig.  4.21:  Arbitrary  intensity  history  along  the  x- 
direction  of  the  optical  window  of  IPG3  (air) 


Fig.  4.22:  Normalized  relative  intensities  of  the 
discharge  for  different  anode  powers  (air) 

Figure  4.22  shows  the  behavior  of  the  arbitrary 
relative  intensity  curves  of  the  discharge  as  a  function 
of  increasing  power  for  air  operation.  Generally,  the 
intensity  of  the  discharge  increases  with  the  power. 
But  the  intensity  "peaks"  at  the  inner  tube  wall  only 
slightly  increase  with  increasing  input  power. 

The  anode  power  distribution  can  be  written,  for 
practical  considerations,  in  the  following  form 

PA  =  f(UA)  +  aUl~bUcA  .  (4.5) 

Here,  P&  is  the  anode  power,  U ^  is  the  measured 
anode  voltage,  the  term  aU ^  represents  the  real 
powers  according  to  the  Ohm’s  law,  while  /(t/4) 
represents  the  remaining  power  losses  such  as  the 
anode  losses  of  the  metal-ceramic  triode.  This  leads 
to  7)4  =  bU^,  with  c>2.  This  consideration  is  con¬ 
firmed  by  the  measured  power  lines  (see  Figs.  4.23  - 
4.24),  which  are,  in  a  first  approximation,  represented 
by  polynomial  functions  depending  on  U Hence, 
the  anode  powers  in  a  double  logarithmic  scale 
appear  approximately  a  straight  lines. 
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Fig.  4.23:  Anode  power  versus  anode  voltage  for 
argon,  air  and  "plasma-off  mode 


Fig.  4.24:  Anode  powers  in  logarithmic  scale 


4.4.  Erosion  of  the  Plasma 
Sources 

When  material  tests  are  to  be  performed  in  a 
plasma  wind  tunnel,  it  is  of  the  utmost  importance 
that  the  plasma  which  is  generated  is  free  from  im¬ 
purities  because  they  change  the  catalycity  of  the 
material  and  thus  more  than  double  the  heat  flux  and 
significantly  enlarge  the  erosion  rate.  Therefore, 
erosion  on  the  electrodes  or  rather  on  the  discharge 
vessel  must  be  avoided  or  minimized. 

Copper  for  example  has  a  large  catalytic  effect, 
which  means  nitrogen  and  oxygen  atoms  are  encour¬ 
aged  to  form  molecules  on  the  surface  releasing  most 
of  their  combining  energy  at  the  surface.  SiC  on  the 
other  hand  has  a  relatively  small  catalytic  effect. 

Erosion  of  the  anode  can  be  avoided  in  an  MPG  if 
the  arc  attachment  is  diffuse.  In  order  to  guarantee 
this  with  the,  in  some  cases,  relatively  high  pressures 
on  the  anode  (to  approx.  5  kPa),  a  small  amount  of 
argon  is  fed  in  tangentially  to  the  anode  (see 
Fig.  4.9).  In  a  TAG  spot  formation  at  the  anode  can¬ 
not  be  avoided  due  to  the  high  operating  pressures 
(0.1 -10  MPa).  A  destabilization  of  the  anode  at¬ 
tachment  by  means  of  a  magnetic  field  and/or  the 
turbulent  movement  of  gas  minimizes  the  erosion.  In 
this  way  and  with  cooled  copper  anodes  the  erosion  is 
minimal  and  a  service  life  up  to  100  hours  can  be 
achieved  [46,  39]. 

In  principle,  erosion  on  the  arc  cathode  is  un¬ 
avoidable.  There  are  two  possibilities  for  the  arc's 
cathode  attachment  in  the  plasma  generator:  the  focal 
spot  with  a  cooled  cathode  and  the  diffuse  attachment 


with  primarily  thermal  electron  emissions  and  a  hot 
cathode  (at  cathode  temperatures  higher  than 
2000°C)  [39],  In  the  case  of  the  focal  spot,  the 
erosion  rate  of  the  cathode  is  up  to  three  times  higher 
than  when  it  is  operated  in  a  hot  state  [39].  In  both 
cases,  the  cathode  erosion  is  almost  proportional  to 
the  current  intensity.  Therefore,  thermal  arc  sources 
are  operated  at  a  low  current  intensity. 

Hot  tungsten  cathodes  are  in  use  for  the  small 
TAGs  as  at  the  IRS  in  order  to  run  at  the  lowest 
possible  erosion  mode.  The  disadvantage  in  this  case 
is  that  the  gas  has  to  be  separated  and  only  purified 
nitrogen  may  be  in  contact  with  the  glowing  cathode. 
Due  to  the  high  operation  cost,  this  cannot  be  realized 
in  large  devices  in  the  MW-level.  Here 
undecomposed  gases  are  used  with  cooled  copper 
cathodes.  The  arc  attachment  in  this  case  is  not 
diffuse  but  rather  it  appears  as  a  so-called  focal  spot 
with  local  melting  [46].  The  higher  erosion,  in  this 
case  copper,  must  be  accepted. 

MPGs  must  be  operated  with  as  high  a  current 
intensity  as  possible  because  the  magnetic  accelera¬ 
tion  increases  with  the  square  of  the  current  intensity 
[46],  Therefore,  hot  cathodes  out  of  thoriated  tung¬ 
sten  are  always  used  with  the  MPG  in  order  to  nev¬ 
ertheless  reach  comparatively  low  erosion  rates  and 
good  jet  qualities.  This  is  especially  advantageous  for 
material  tests  because  tungsten  oxidizes  in  air 
plasmas.  Because  tungsten  oxide  has  a  high  vapor 
pressure,  it  doesn't  settle  on  the  hot  material  samples. 

Figure  4.25  shows  the  contamination  of  the  test 
gases  from  erosion  products  in  various  plasma  wind 
tunnels  [3].  The  superiority  of  the  PWKs  equipped 
with  MPGs  is  obvious.  However,  also  the  erosion 
rates  for  the  RB  plasma  source  at  the  IRS  are  rather 
low  compared  to  the  erosion  rates  of  constricted  and 
Huels-type  arc  generators.  In  addition,  high  produc¬ 
tivity  in  the  tunnel  is  a  result  of  the  low  erosion  rate 
because  the  life  span  of  the  electrodes  is  many  hun- 


Fig.  4.25:  Diagram  of  the  plasma  impurity  level  in 
the  MPG  driven  PWK  [3], 
data  partly  from  [51, 52] 
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dreds  of  hours. 

A  disadvantage  of  the  hot  cathode  is  that  oxygen 
must  be  kept  away  from  it.  Therefore,  in  the  MPG 
purified  nitrogen  is  fed  in  along  the  cathode  while  the 
oxygen  is  blown  into  the  supersonic  part  of  the 
nozzle.  This  part  lies  directly  behind  the  narrowest 
cross  section  and  consequently  still  within  the  arc. 
Cathode  erosion  tests  with  the  MPG  resulted  in  a 
significant  decrease  in  the  erosion  rate  down  to  the 
level  of  sublimation  while  avoiding  remaining  oxygen 
and  dampness  in  the  nitrogen  [39], 

In  an  IPG,  which  is  operated  without  electrodes, 
indications  of  erosion  can  appear  on  the  vessel  or 
rather  on  the  cooling  elements  which  contaminate  the 
plasma.  In  Russia  such  devices  are  operated  with 
cooling  inserts.  Investigations  of  the  plasma  con¬ 
tamination  are  not  available.  At  the  IRS  the  TAG  is 
operated  without  any  cooling  insert. 

In  addition  to  the  importance  of  the  absolute 
quantity  of  eroded  material  in  the  jet,  one  has  to  point 
out  that  different  materials  have  different  influences 
on  the  material  tests.  For  example,  copper  particles 
ejected  from  arc  spots  are  found  to  be  partly 
deposited  on  the  material  probes,  whereas  no  tung¬ 
sten  deposit  eroded  from  MPG  cathodes  has  ever 
been  detected. 

First  results  of  a  comparison  of  catalytic  material 
behavior  in  a  MPG  and  a  TAG  have  shown  no  dif¬ 
ference  in  the  material  behavior  [3],  This  indicates 
that  the  very  small  tungsten  pollution  has  no  influ¬ 
ence. 
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Introduction 

Various  plasma  wind  tunnels  have  been  built  for 
developing  reusable  space  transportation  systems  and 
space  probes  entering  the  atmospheres  of  celestial 
bodies.  All  together  they  cover  almost  the  whole 
reentry  trajectory  of  a  space  craft  [1.1].  They  generate 
continuous  plasma  flows  of  high  specific  enthalpy 
and  velocity  with  thermal  or  magnetoplasmadynamic 
generators.  Plasma  wind  tunnels  are  used  for: 

development  and  qualification  of  radiation  and 
ablative  cooling  materials  and  thermal  protection 
systems, 

-  validation  of  numerical  codes  for  reentry  pre¬ 
diction  and 

-  development  and  qualification  of  reentry  meas¬ 
urement  devices. 

The  accuracy  of  the  simulation  of  reentry  conditions 
strongly  depends  on  the  ability  to  determine  the  flow 
conditions.  These  three  lectures  give  an  overview  of 
the  diagnostic  methods  which  are  qualified  and  in  use 
at  the  IRS.  Both  intrusive  probe  measurement 
techniques  (part  A)  including  mass  spectrometry  and 
non-intrusive,  optical  techniques  (part  B)  such  as 
emission  spectroscopy  and  laser  induced  fluorescence 
(T.TF)  are  used  to  investigate  high  enthalpy  plasma 
flows.  Several  measurement  techniques  are  being 
developed  for  flight  application  (see  part  C). 

The  minimum  set  of  parameters  which  have  to  be 
duplicated  during  the  tests  for  material  qualification 
(see  Fig.  1.1)  are  the  specific  enthalpy  of  the  gas,  the 
stagnation  pressure  and  the  surface  temperature  in  the 
case  of  a  radiation  cooling  material,  or  the  heat  flux 
for  an  ablative  material.  This  is  a  minimum  set  of 
parameters  which  has  to  be  adjusted  during  the  test. 
A  whole  series  of  probes  and  non-intrusive 
techniques  were  developed  to  determine  these 
parameters. 

The  average  specific  enthalpy  of  the  flow  in  the  exit 
plane  of  the  plasma  generator  nozzle  can  be  derived 
for  all  kinds  of  plasma  wind  tunnels  by  an  energy 
balance.  Therefore,  the  electric  power  consumed  by 
the  plasma  source,  the  mass  flow  rate  and  the  heat 
losses  within  the  plasma  generator  are  measured.  The 
average  specific  enthalpy  at  the  end  of  the  plasma 
generator  is  then  derived  as  the  difference  of  the 
electrical  power  and  the  total  heat  loss  related  to  the 


mass  flow  rate.  This  result  is  very  important  for  an 
initial  estimation  of  the  flow  situation  and  even  more 
so  for  the  assessment  of  the  plasma  source  condition 
and  reproducibility  of  a  test  series.  But  without 
knowing  the  enthalpy  distribution  in  the  nozzle  exit 
and  due  to  the  interaction  between  the  free  jet  and  the 
ambient  gas  in  the  wind  tunnel,  specific  enthalpy  near 
the  material  sample  position  can  not  be  derived 
exclusively  from  this  result.  Direct  enthalpy 
measurements  with  probes  are  necessary  here  or  a 
calculation  of  the  local  enthalpy  from  the  local 
pressure  and  heat  flux  profiles. 


Fig.  1.1:  TPS  material  sample  in  the  beam 


However,  the  catalycity  of  the  TPS  materials  strongly 
effects  the  surface  temperature  and  the  development 
of  materials  with  the  lowest  possible  catalycity  is  of 
great  importance  for  future  space  vehicles.  Plasma 
wind  tunnels  can  be  used  to  investigate  the  energy 
accommodation  due  to  catalytic  recombination  near 
the  surfaces  of  TPS  materials.  However,  this  requires 
detailed  knowledge  of  the  flow  conditions  within  the 
shock  layer.  The  measurement  of  the  quantities  of 
interest  (temperatures,  densities  and  velocities)  is 
very  difficult.  The  most  significant  problems  are  the 
high  enthalpy  and  the  chemically  aggressive  plasma, 
which  limits  probe  measurements,  and  the  fact  that 
the  flow  is  not  in  chemical  and,  in  many  instances, 
not  in  thermal  equilibrium,  which  complicates  the 
interpretation  of  measurement  results.  The  non- 
equilibrium  effects  are  more  significant  with  lower 
pressure.  With  special  probes,  equipped  with 
materials  of  various  catalycities,  the  energy 
accommodation  due  to  catalytic  recombinations  on 
the  surface  of  the  materials  is  being  investigated  [A2, 
A3,  A4,  A5].  LIF  and  emission  spectroscopy  are  used 
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to  determine  atomic  and  molecular  density  and 
velocity  distribution  in  the  boundary  layer  [1.6].  Very 
important  information  was  obtained  from  boundary 
layer  investigations  by  emission  spectroscopy  in  front 
of  water-cooled  copper  and  hot,  radiating  material 
probes  [1.7, 1.8, 1.9]. 

Important  information  about  the  erosive  behavior, 
catalycity  and  the  failure  of  surface  protection  layers 
has  been  obtained  using  a  mass  spectrometer 
positioned  directly  behind  the  material  sample  within 
the  plasma  wind  tunnel  [1. 10,  1.8].  The  transition 
from  active  to  passive  oxidation  of  materials 
containing  Si  has  been  investigated  by  LIF  [1.6], 
Surface  temperature  measurement  is  of  great  impor¬ 
tance  for  material  qualification,  therefore,  several 
pyrometers,  including  LCD  systems,  are  available  at 
the  IRS. 

For  code  validation  the  high  enthalpy  plasma  jet  has 
to  be  completely  characterized  at  no  less  than  two 
cross  sections  (see  Fig.  1.2).  For  this  purpose  a  lot  of 
measurement  techniques  are  in  use  and  being 
developed  at  the  IRS.  These  are,  for  example,  minia¬ 
turized  mechanical  probes  for  pressure  and  heat  flux 
measurements  [1.4],  Cylindrical  electrostatic  probes 
working  in  the  collisionless  regime  are  used  for  the 
detailed  investigation  of  the  electron  temperatures, 
electron  densities,  plasma  potentials,  electron  energy 
functions  and  velocities  of  the  plasma  flows  [1.11, 
1.12].  At  very  high  enthalpies  where  electrostatic 
probes  can  no  longer  be  used  due  to  the  very  high 
thermal  and  chemical  load,  the  electron  densities  are 
high  enough  so  that  they  can  be  determined  using 
Thomson  scattering  [1.13].  Emission  spectroscopic 
investigations  are  performed  for  the  spectrally 
resolved  analysis  of  the  plasma  radiation.  The 
spectroscopic  measurements  also  allow  for  the 
identification  of  various  plasma  parameters 
(temperatures  and  densities)  in  regions  where 
intrusive  probe  measurements  are  impossible  [1.14]. 
A  Fabry-Perot  Interferometer  is  used  as  a  high 
resolution  spectrometer  to  determine  the  plasma 
velocity  from  Doppler  measurements.  From  the 
broadening  of  specific  emission  lines  the  translational 
and  kinetic  temperatures  of  the  heavy  particles  in  the 
plasma  flow  can  be  determined  [1.12,  1.15].  LIF  will 
be  used  as  for  the  boundary  layer  to  determine  the 
atomic  densities  of  oxygen  and  nitrogen,  NO-density 
distribution  and  velocity  distribution  [1.6].  For  very 
low  densities  a  mass  spectrometer  as  a  probe 
positioned  in  the  plasma  flow  allows  the  plasma 
composition  and  the  distribution  of  ions,  molecules 
and  neutral  components  to  be  determined  [1.16].  The 
comparison  of  the  experimental  results  with 
numerical  calculations  and  flow  simulations,  which 
are  also  conducted  at  the  IRS,  are  very  important  for 
both  the  diagnostic  and  code  development  of  high 
enthalpy  flows  [1.17]. 

For  planetary  entry  missions  the  radiative  heat  flux 
plays  a  major  role  due  to  very  high  entry  velocities  or 


carbonaceous  atmospheres.  Therefore,  a  probe  was 
developed  at  the  IRS  for  overall  radiation  meas¬ 
urements  [1.18, 1.19]. 

Qi  Q2 


Fig.  1.2:  Experimental  set-up  for  numerical  code 
validation 


Some  diagnostic  techniques  which  are  in  use  in  the 
PWKs  can  be  further  developed  and  qualified  for 
flight  applications  on  ballistic  or  winged  reentry  ve¬ 
hicles.  A  miniaturized  pyrometric  sensor  system 
called  PYREX  [1.20,  1.21]  was  developed  and  flight 
qualified  for  TPS  temperature  measurements.  Fur¬ 
thermore,  a  catalytic  sensor  experiment  is  being  de¬ 
veloped  [1.22].  An  emission  spectroscopic  experi¬ 
ment  is  currently  being  prepared  in  conjunction  with 
DASA  [1.9].  Based  on  our  experience  with  electro¬ 
static  probes  in  the  wind  tunnel  environment,  an 
electrostatic  probe  for  space  applications  is  being  de¬ 
veloped. 
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A  Intrusive  Measurement 
Techniques 

Besides  the  so-called  mechanical  probes,  the  mass 
spectrometry,  electrostatic  and  radiation  probes  also 
belong  to  the  group  of  intrusive  measurement 
techniques.  As  the  name  already  suggests,  this  diag¬ 
nostic  method  is  based  on  a  suitably  constructed 
probe  being  mounted  in  the  plasma  stream  which  is  to 
be  investigated.  This  differs  from  the  optical 
measurement  techniques  which  will  be  described  in 
the  second  part  of  this  lecture.  The  mechanical  probes 
are  among  the  most  important  instruments  for 
plasma-diagnostic  measurements  and  are  therefore 
also  often  used.  They  can  essentially  be  divided  into 
five  groups  according  to  the  parameters  to  be 
investigated.  We  differentiate  between: 

-  material  sample  support, 

-  Pitot  pressure  probes, 

-  aerodynamic  wedge  probes, 

-  heat  flux  probes, 

-  enthalpy  probes  and 

-  solid-state  electrolyte  probes. 

All  of  these  probes  can  be  installed  at  the  IRS  on 
four-axis  platforms  inside  the  plasma  wind  tunnels. 
Three  of  the  axes  are  linearly  oriented,  notated  as  x,  y 
and  z;  the  fourth  axis  provides  the  possibility  to  rotate 
the  probes  around  the  z-axis. 

The  wedge  probe  is  used  to  ascertain  the  static 
pressure  and  the  Mach  number  of  the  supersonic 
flow.  A  solid-state  electrolyte  probe  can  determine 
the  oxygen  particle  pressure  in  a  stream.  With  a  mass 
spectrometer  probe,  particle  densities  and  the  energy 
distribution  of  the  particles  can  be  investigated.  In  the 
case  of  the  other  four  probes,  they  each  measure  what 
their  name  implies. 

With  the  exception  of  the  Mach  number  and  the 
oxygen  partial  pressure  measurements,  all  of  the 
measuring  techniques  with  mechanical  probes  are 
ultimately  based  on  the  measurements  of  pressure, 
flux  and/or  temperature,  whereby  the  attempt  must  be 
made  to  ascertain  these  parameters  with  the  highest 
possible  exactness.  In  practice,  these  supposedly 
simple  measurements  are  very  difficult  [A.l],  A  more 
or  less  complex  theory  is  hidden  between  determining 
the  basic  parameters  and  ascertaining  the  parameters 
which  are  actually  of  interest,  especially  in  the  case  of 
enthalpy  and  heat  flux. 

Besides  the  enthalpy  probes,  all  mechanical  probes 
have  one  common  denominator  -  they  do  not  actively 
influence  the  plasma,  but  rather  quasi  passively 
register  the  effects  of  the  plasma  flow  in  an 
appropriate  way.  This  information  is  then  used  to  de¬ 
termine  the  important  parameters. 

Electrostatic  probes  are  used  to  ascertain  the  plasma 
potential,  electron  density  and  temperature,  energy 
distribution  of  the  electrons,  ion  temperature,  flow 
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velocity  and  direction.  The  measurement  principle  is 
based  on  an  active  influence  on  the  plasma  boundary 
layer  which  forms  on  the  probe. 

A  mass  spectrometer  probe  can  be  used  with  low 
pressure  plasmas  to  investigate  the  composition  of  the 
plasma  [A.2,  A.3],  Due  to  catalytic  effects  and  the 
large  pressure  reduction  which  is  necessary,  the 
possibility  of  this  at  pressures  above  1  hPa  is  limited 
and  it  is  only  possible  with  a  two-step  system.  How¬ 
ever,  a  mass  spectrometer  probe  can  be  used  advan¬ 
tageously  for  on-line  investigations  of  erosion  behav¬ 
ior  [A.4,  A.5]  and  the  catalytic  behavior  [A.6,  A.7]  of 
thermal  protection  materials. 

The  use  of  radiometric  probes  is  unavoidable  when 
the  radiation  heat  flux  can  not  be  neglected  compared 
to  the  convective  part.  This  is  the  case  when  during 
sample  return  missions  the  entry  speed  into  the 
Earth’s  atmosphere  is  especially  high  or  when  the 
atmosphere  of  another  celestial  body  (which  is  to  be 
entered)  contains  strong  radiating  species,  as  for 
example  the  atmosphere  of  Titan  [A. 8,  A. 9]. 

The  outward  appearance  of  a  probe  not  only  depends 
on  the  parameter  to  be  measured,  but  rather  also  on 
whether  for  example  the  free  jet  conditions  should  be 
measured  or  whether  the  plasma  composition  on  the 
surface  of  the  material  sample  being  investigated  is 
important.  In  the  last  case,  the  outward  appearance  of 
all  the  probes  is  adapted  to  the  form  of  the  material 
probe. 
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A1  Material  Sample  Support 

Ablative  materials  are  supported  by  water-cooled 
support  systems  of  different  sizes.  An  example  is 
shown  in  Fig.  A  1.1. 


(C) 


Fig.  Al.l:  Sample  support  for  ablative  material 
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The  temperature  distribution  within  the  ablator  is 
usually  measured  by  thermocouples  located  at  differ¬ 
ent  distances  from  the  front  surface  of  the  ablator. 

A  material  sample  support  system  which  minimizes 
the  heat  exchange  with  the  sample  perpendicular  to 
the  flow  is  required  for  material  qualification.  In  Fig. 
A  1.2  the  sample  support  for  ceramic  material  in  a 
stagnation  point  configuration  is  shown.  The  rear  side 
temperature  of  the  sample  can  be  determined  with  a 
linear  pyrometer  (see  also  part  B)  via  a  fiber  optic 
connection. 


Fig.  A1.2:  Scheme  of  a  TPS  material  probe  with 
integrated  pyrometer  fiber  optics 


A2  Pitot  Pressure  Probes 

With  Pitot  probes  it  is  possible  to  measure  the 
dynamic  or  total  stagnation  pressure  of  the  plasma 
flow  by  connecting  them  either  to  a  differential  pres¬ 
sure  gauge  inside  or  to  a  total  pressure  gauge  outside 
of  the  vacuum  tank. 

Figure  A2. 1  shows  the  scheme  of  the  ‘spherical  head’ 
Pitot  probe  which  has  an  identical  geometry  to  the 
material  support  system  shown  in  Fig.  A1.2. 


Fig.  A2.2:  Miniaturized  Pitot  probe 


In  Fig.  A2.2  a  miniaturized  Pitot  probe  which  is  used 
for  local  measurements  in  the  plasma  flow  can  be 
seen.  This  probe  is  designed  to  determine  very  high 
heat  fluxes  of  more  than  10  MW/m2  [A2.1]. 

When  using  Pitot  probes,  one  must  generally  dif¬ 
ferentiate  between  two  cases:  pressure  measurement 
in  a  subsonic  flow  and  pressure  measurement  in  a 
supersonic  flow.  In  the  first  case,  the  conditions  are 
relatively  simple.  The  Bernoulli  equation  is  valid 
whereby  the  simple  equation 

P0  =  Poo+‘Y’vi  (A2.1) 


at  Mach  numbers  of  Ma  >  0.3  must  be  replaced  by 
the  Bernoulli  equation  for  compressible  flows.  If 
friction  effects  are  neglected  and  assuming  that  the 
changes  in  the  condition  run  lengthwise  isentropically 
along  the  lines,  the  following  connection  exists 
between  the  flow  parameters: 


Po  =P» 


1  + 


K  — 1  P„ 


,2  \ 


K  2 


K-! 


(A2.2) 


whereby  K  means  the  averaged  adiabatic  exponent, 
p0  represents  the  pressure  in  the  stagnation  point  and 
Poo>Poo»voo  quantities  of  the  undisturbed  flow. 
With  that  one  can,  for  example,  deduce  the  density 
from  the  pressure  measurement  when  the  speed  and 
K  are  known. 

In  supersonic  flows  a  compression  shock  forms  in 
front  of  the  probe  which  results  in  a  loss  of  total 
pressure.  The  probe  measures  the  total  pressure  p0 
after  the  shock.  Assuming  that  the  compression  shock 
runs  perpendicular  to  the  initial  direction  of  flow  and 
the  changes  in  the  condition  run  isentropically  in 
front  of  and  behind  the  shock,  then  the  following  is 
valid  for  p0 : 

1 

K— 1 

P~  •  (A2.3) 


Po 


^Ma2 


(K  +  l)2Ma2 


4xMa2  -  2(k  - 1) 


Here  Ma  is  the  Mach  number  in  front  of  the  shock 
and  K ,  on  the  other  hand,  is  the  averaged  adiabatic 
exponent.  If  the  Mach  number  is  additionally 
determined  with  a  wedge  probe  (see  section  A3)  then 
the  average  adiabatic  exponent  can  be  calculated 
from  this  last  equation. 

However,  one  must  be  very  careful  when  interpreting 
the  measurement  results  from  a  Pitot  probe.  The 
viscosity  effects  of  a  flow  affected  by  friction  have  to 
be  considered.  Two  additional  aspects  must  also  be 
taken  into  account.  These  are  the  effect  of  the  shape 
of  the  bore  hole  and  the  error  which  results  when  the 
longitudinal  axis  of  the  probe  and  the  plasma  stream 
axis  are  not  aligned  [see  A2.2].  The  size  of  the  bore 
hole  has  to  be  large  compared  to  the  mean  free  path. 
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A  3  Aerodynamic  Wedge  Probe 

Aerodynamic  wedge  probes  can  be  used  to  ascertain 
the  static  pressure  and  Mach  number  of  a  supersonic 
flow.  Their  main  component  is  a  water-cooled  copper 
wedge  (see  Fig.  A3.1)  which  is  placed  in  a  supersonic 
flow,  whereby  attention  must  be  paid  to  the  parallel 
alignment  of  the  probe  surface  to  vTO  .  With  the  help 
of  a  pressure  measurement  bore  hole  on  the  top  side 
of  the  probe  the  static  pressure  can  also  be 
determined. 


Fig.  A3.1:  Wedge  probe  in  a  supersonic  stream 

The  tip  of  the  wedge  probe  causes  a  disturbance  in 
the  flow  which  spreads  analogously  to  the  sound 
wave  in  the  supersonic  flow  shown  in  Fig.  A3.2.  The 
effects  of  the  disturbances  are  limited  to  the  inside  of 
a  cone  whose  half  open  angle  a  ,  recognizable  in  Fig. 
A3.2,  can  be  calculated  as  follows: 

sina  =  —  =  —  =  — .  (A3.1) 

vt  v  Ma 

This  cone  is  called  a  Mach  cone. 


Fig.  A3.2:  Spreading  of  supersonic  sound  waves 


From  the  measurement  of  the  angle  between  the 
Mach  line  and  the  plasma  stream  axis  the  Mach 
number  at  this  point  can  be  determined. 

When  used  in  a  high  enthalpy  flow  (see  Fig.  A3. 3), 
especially  the  cooling  of  the  wedge  tip  causes 
problems.  If  the  tip  of  the  wedge  is  not  sharp  enough, 
the  contour  can  not  be  discerned. 


Fig.  A3.3:  Wedge  probe  in  a  plasma  stream 


A4  Heat  Flux  Measurements 

Heat  transfer  to  a  body  exposed  to  the  plasma  flow  is 
of  great  interest  for  reentry  simulation  in  a  high 
enthalpy  flow.  With  the  heat  flux  probes  described  in 
this  section,  the  total  heat  flux  is  measured.  A 
radiometer  probe  which  can  be  used  for  measuring 
the  radiative  part  exclusively  is  described  in  section 
A9. 

However,  for  the  total  heat  flux  measurement  the 
material  of  the  probe  itself  is  of  great  importance  be¬ 
cause  the  heat  transfer  may  vary  depending  on  the 
catalycity  of  the  material  of  the  body.  In  addition,  the 
surface  temperature  of  the  probe  may  change  the 
measurement  result  since  it  affects  the  recombination 
rate  and  its  emission  coefficient.  As  a  standard 
reference  material  for  heat  flux  probes  copper  is 
mostly  used  as  it  has  a  relatively  high  catalytic 
efficiency.  However,  it  is  not  an  ideal  material  as  a 
standard  because  in  an  oxidizing  atmosphere  it  forms 
two  different  oxides  which  change  the  catalycity. 

At  the  IRS  both  stationary  and  non-stationary  heat 
flux  measurement  devices  are  used.  The  actual  probes 
are  inserted  into  the  front  plate  of  a  water-cooled 
support  system,  having  the  identical  geometry  of  the 
material  probe,  and  consisting  of  either  a  water- 
cooled  tube  or  a  Gardon  Gage  for  stationary 
measurements  or  a  heat  sink  slug  for  non-stationary 
measurements.  The  probes  can  be  coated  and  the  slug 
can  be  made  of  copper  or  other  materials  such  as 
tungsten  or  SiC  to  investigate  the  influence  of  the 
surface  catalycity  [A4.1,  A4.2]. 

The  inserts,  which  can  be  seen  in  Figs.  A4.1,  A4.2, 
and  A  1.1  a  are  thermally  insulated  from  the 
surrounding  support.  Therefore,  the  heat  flux  onto  the 
defined  front  area  of  the  insert  facing  the  plasma  flow 
is  measured. 
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Fig.  A4.1:  Stationary  heat  flux  probe 


inserts 

made  of  different  materials 

probe 

water-cooling  f  ^  |  I  thermocouple 

Fig.  A4.2:  Non-stationary  heat  flux  probe 


A4.1  Stationary  Heat  Flux 
Measurement 

Two  different  principles  are  in  use  for  stationary  heat 
flux  measurement. 


A4.1.1  Calorimetric  Probe 

With  this  method  the  heat  flux  to  a  relatively  cold 
surface  is  measured.  Normally  water  is  used  for 
cooling  the  body  of  this  type  of  probe  (Fig.  A4.1). 
From  the  heat  which  is  carried  off  by  the  cooling 
water,  one  obtains  the  heat  flux  q  onto  the  front 
surface  As  by  measuring  the  temperature  difference 
between  the  cooling  inflow  and  the  outlet  and  its 
mass  flow  mc  according  to  the  equation: 

q=^ccAT.  (A4.1) 

As 

Here  cc  represents  the  specific  heat  capacity  of  the 
coolant. 

While  operating  the  probe,  one  must  keep  in  mind 
that  the  flow  rate  of  the  coolant  is  large  enough  to 
guarantee  sufficient  cooling  on  the  one  hand,  and  on 
the  other  hand  small  enough  to  keep  the  temperature 
difference  between  the  inflow  and  outlet  at  a 
reasonable  level  so  that  it  can  still  be  measured. 


A4.1.2  GardonGage 

With  this  method  the  heat  flux  is  determined  from  the 
temperature  gradient  which  forms  between  the  center 
and  the  edge  of  a  circular  foil.  A  heat  flux  probe  of 
this  principle  called  the  Gardon  Gage,  named  after  its 
inventor  Robert  Gardon,  consists  of  a  heat  sink  in  the 
form  of  a  hollow  cylinder  usually  made  of  copper  and 


a  foil  attached  to  the  front  side  of  the  cylinder  and 
typically  made  of  constantan.  The  constantan  foil  is 
in  turn  connected  with  a  copper  wire  in  the  center 
(Fig.  A4.3).  If  the  heat  sink  is  kept  at  a  constant 
temperature,  for  example  by  embedding  it  in  a  water- 
cooled  sample,  a  radial  temperature  drop  forms  on 
the  foil. 


Fig.  A4.3:  Construction  of  a  Gardon  Gage 

Assuming  that  the  front  and  back  of  the  foil  do  not 
give  off  any  heat  and  that  no  temperature  gradients 
are  present  across  the  thickness  s  of  the  foil,  the 
following  equation  for  stationary  temperature  distri¬ 
bution  results  from  the  parameters  in  Fig.  A4.4: 

A-t-l jStaL+  d  Tstat  =Q  .  (A4.2) 

sA,  r  dr  dr2 

Here  Tstat  is  the  stationary  temperature  of  the  foil  at 
the  radius  r  and  X  is  the  heat  conductivity  of  the  foil. 
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Fig.  A4.4:  Geometric  relations 


Considering  the  fact  that  the  heat  conductivity 
increases  linearly  when  the  temperature  increases 

according  to  X  =  X0  (l  4-  a(T  -  T0  ))  ,  the  solution  to 

the  above  differential  equation  results  in  the  follow¬ 
ing  equation: 


(A4.3) 


where  AT  represents  the  temperature  difference  be¬ 
tween  the  center  point  and  the  edge  of  the  foil.  With 
the  values  for  Xn  and  a  one  obtains  for  constantan: 

q  = - - - AT  (1  +  0.001 15  AT) 

4  2026.25  R2  V 

It  is  evident  that  the  dependence  of  the  temperature 
difference  on  the  heat  flux  to  be  measured  is  still  not 
linear. 
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This  disadvantage  can,  however,  be  compensated  for. 
Figure  A4.3  shows  how  two  thermal  element 
transitions  form  in  the  center  and  at  the  edge  of  the 
foil  where  the  copper  cylinder  or  rather  the  wire  and 
the  constantan  foil  are  connected.  The  fact  that  the 
temperature  difference  calculated  above  exists  be¬ 
tween  the  two  contact  points  leads  to  a  resulting 
thermal  voltage  which  can  be  expressed  for  a  copper- 
constantan  combination  in  the  following  equation: 

U  =  0.0381  AT  (1  +  0.001 17  AT)  [mV],  (A4.5) 

The  figures  in  brackets  of  the  last  two  equations  are 
practically  identical  so  that  the  measured  thermal 
voltage  becomes  directly  proportional  to  q  : 

R  ^ 

U  =  77.2  4—  q  [mV]  .  (A4.6) 

s 

Another  advantage  of  the  Gardon  Gage  is  the 
compact  design.  The  dimensions  are  usually  only  a 
few  mm  in  diameter  so  that  several  sensors  can  easily 
be  integrated  into  a  probe  body.  As  a  result  of  their 
small  size  and  low  heat  capacity  the  response  times 
are  also  very  short  so  that  fast  heat  flux  fluctuations, 
for  example  due  to  fluctuations  of  the  plasma,  can 
also  be  detected.  The  time  constant  T ,  that  is  the 
time  that  passes  until  the  sensor’s  output  signal 
reaches  63%  of  the  total  with  a  jump  in  the  heat  flux, 
can  be  approximated  by: 

x  ~  3.76- 10-6  R2  [s]  .  (A4.7) 

At  the  IRS  these  heat  flux  sensors  are  equipped  with 
surface  layers  of  different  materials  to  study  catalytic 
effects.  But  the  reduction  of  the  heat  flux  from 
measured  data  is  no  longer  as  easy  as  for  the  copper- 
constantan  case. 


A4.2  Non-Stationary  Heat  Flux 
Measurement 


If  one  avoids  a  radial  heat  transport  as  in  the  sta¬ 
tionary  case,  the  axial  heat  flux  can  be  calculated 
from  the  one-dimensional  Fourier  equation: 


3T 

3t 


a 2ryA 
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(A4.8) 


For  the  boundary  conditions  the  labels  from  Fig.  A4.5 
apply: 

t  <  0:  temperature  of  the  probe  =  Tw0  =  const., 
heat  flux  q  =  0 
and 

t  >  0:  T  =  T(x,  t)  ,  (A4.9) 

T(x=0,  t)  =  Tw  (t)  . 
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Fig.  A4.5:  Explanation  of  the  parameters 

One  differentiates  between  two  different  methods  - 
the  thin  wall  and  the  thick  wall  method.  These 
methods  differ  from  each  other  in  the  realization  of 
the  last  necessary  boundary  conditions. 


A4.2.1  Non-Stationary  Thin  Wall 
Method 


With  this  method  the  heat  flux  is  assumed  to  be 
constant  throughout  the  entire  thickness  of  the  probe: 

qx=o  =  qx=s  •  (A4-10) 

The  solution  to  the  Fourier  equation  can  be  greatly 
simplified  for  Fourier  numbers 

fo=4>0-3-  (A4-H) 

s 

The  temperature  rise  is  measured  and  the  heat  flux 
can  be  directly  determined  from  this: 

q  =  pcps|  .  (A4.12) 

The  p  and  cp  represent  the  density  and  specific  heat 

capacity  of  the  material,  respectively.  With  a  probe 
body  made  of  copper  with  a  thickness  of  10  mm,  the 
condition  F0  >  0.3  is  for  example  fulfilled  after  a 
measurement  time  of  tmin  >  0.27  s. 

Although  the  theory  of  the  non-stationary  thin  wall 
method  neglects  heat  fluxes  in  a  radial  direction  (that 
is  dq  /  dr  ^  0 ),  in  practice  this  condition  can  not  be 
completely  fulfilled.  A  simple  estimate  shows, 

however,  that  these  heat  fluxes  do  not  interfere  with 

the  measurement  as  long  as  the  heating  of  the  body 
does  not  last  longer  than  a  certain  maximum  time  tmax. 
The  following  is  valid  for  the  maximum  measurement 
time: 


W  « 


(A4.13) 


A  typical  heat  flux  probe  using  the  thin  wall  method 
is  shown  in  Fig.  A4.2. 
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A4.2.2  Non-Stationary  Thick  Wall 
Method 


With  the  non-stationary  thick  wall  method  one 
assumes  that  the  temperature  on  the  back  of  the 
sample  body  does  not  rise  during  the  measurement. 
The  solution  to  the  Fourier  equation  while  keeping 
this  boundary  condition  in  mind  is: 


q(t)  = 


pepX 

n 


T(t)  ,  1 1  T(t)  -  T(x) 

[ X+2{  (t-x)3'2  dT 


(A4.14) 


If  one  can  assume  that  the  heat  flux  is  constant  over 
time,  the  solution  to  the  Fourier  equation  for  this  case 
can  be  written  as  follows: 


T(x  =  0,,)-Tw0  =  ^^.  (A4.15) 

Contrary  to  the  thin  wall  method,  in  using  this 
equation  there  is  no  demand  for  a  minimum  test  time 
tmin-  On  the  other  hand,  it  is  only  valid  as  long  as  the 
increase  in  temperature  has  not  spread  over  the  entire 
measurement  element.  That  is  T  (°°,t)  is  no  longer 
equal  to  Two- 

In  the  thin  wall  method  only  the  material  constants  p 
and  cp  have  to  be  known,  while  in  the  thick  wall 
method  the  heat  conductivity  A,  of  the  sample  body 
must  also  be  known.  Because  this  parameter  is  very 
difficult  to  determine  in  experiments,  it  can  be 
viewed  as  a  disadvantage.  In  contrast  to  this,  the  thick 
wall  method  used  for  heat  flux  measurements  in  a 
plasma  wind  tunnel  offers  the  possibility  while 
passing  through  the  plasma  stream  of  determing  the 
entire  profile  at  one  time  because  it  is  possible  to 
calculate  back  from  the  temperature-time  course  via 
Eq.  (A4.14)  to  q(tj  or  when  the  speed  of  the  probe 
is  known  to  q(yj .  This  is  not  possible  with  the  thin 
wall  method.  Here  the  jet  beam  profile  must  be 
interpolated  from  individual  measurements  at  various 
radial  positions. 

But  the  length  of  the  thick  wall  sensor  must  be 
sufficient  so  that  within  the  measurement  time  needed 
a  rise  in  temperature  does  not  occur  at  the  back  of  the 
sensor.  With  metallic  samples  the  minimum  length 
can  be  approximately  calculated  according  to  the 
equation: 

L  [cm]=4  VtmeB  00  '  <A4‘16) 

This  means  that  with  a  typical  measurement  time  in  a 
plasma  wind  tunnel  of  approximately  8  s  for  a  radial 
scan,  the  sensor  length  must  be  around  10  cm.  This  is 
one  of  several  reasons  that  these  kinds  of  sensors 
have  mostly  been  used  in  shock  tubes  and  shock  tube 
wind  tunnels  up  to  now. 

With  this  method  the  temperature  of  the  front  surface 
has  to  be  observed.  A  simple  measurement  of  the 
front  surface  temperature  is  possible  when  the  sensor 
is  designed  as  a  thermocouple.  Here  the  sensor  is 
made  of  a  round  material  which  is  inside  a  hollow 
cylinder.  The  material  and  the  cylinder  are  separated 


from  each  other  by  a  layer  of  insulation  which  runs 
along  the  sides.  The  front  surface  is,  for  example, 
dampened  with  a  conductive  layer  (see  Fig.  A4.6).  In 
this  way,  catalycity  tests  with  different  layers  can  also 
be  carried  out. 

hollow  cylinder  (Ni/Cr) 


Fig.  A4.6:  Non-stationary  heat  flux  probe 
according  to  the  thick  wall  method,  Shock  Wave 
Lab,  RWTH  Aachen 


A4.3  Influence  of  Surface 
Catalycity  on  Heat  Flux 
Measurements 

Apart  from  the  uncontrolled  heat  losses  which  have 
already  been  mentioned  there  is  a  far  more  important 
factor  which  can  considerably  influence  the 
measurement  results:  the  surface  catalycity  of  the 
sample. 

The  heat  flux  on  a  sample  in  a  dissociated  gas  (while 
neglecting  the  radiation  portion)  which  is  not 
chemically  balanced  consists  of  two  parts  joined  to¬ 
gether.  The  first  part  is  supplied  by  the  normal,  mo¬ 
lecular  heat  conductivity  of  the  plasma.  The  second 
forms  when  atom  pairs  recombine  on  the  surface. 
Here  they  transfer  some  of  their  recombination  en¬ 
ergy  to  the  sample.  The  quantitative  relationship  be¬ 
tween  the  two  parts,  heat  conductivity  and  recombi¬ 
nation,  depends  greatly  on  the  length  of  time  that  the 
recombination  partners  are  in  the  boundary  layer.  If 
the  time  necessary  for  the  potential  reaction  partners 
to  make  their  way  to  the  sample  surface  by  means  of 
diffusion  is  much  longer  than  the  time  needed  by  the 
partners  for  the  recombination  reaction,  then  one 
speaks  of  a  balanced  boundary  layer.  In  this  case  the 
surface  catalycity  of  the  sample  does  not  play  a  role 
because  the  particles  already  recombine  beforehand 
and  transfer  their  energy  to  the  gas  mixture.  Contrary 
to  this,  the  surface  catalycity  becomes  important 
when  a  so-called  frozen  boundary  layer  prevails.  In 
this  case,  the  recombination  time  is  much  longer  than 
the  diffusion  time  through  the  boundary  layer  so  that 
all  potential  reaction  partners  that  enter  the  boundary 
layer  also  reach  the  front  surface  of  the  sample.  If  the 
nature  of  the  surface  encourages  recombination,  then 
the  reaction  energy  will  be  set  free  on  the  surface  and 
the  heat  flux  onto  the  wall  will  increase.  However,  if 
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the  surface  is  not  conducive  to  recombination,  then 
the  particles  leave  the  boundary  layer  again  without 
having  released  their  energy.  This  characteristic  is 
quantitatively  expressed  by  the  so-called 
recombination  coefficient  of  a  material  y.  Here  y  =  1 
means  that  all  of  the  atoms  that  make  it  to  the  surface 
recombine  (fully  catalytic  behavior),  and  y  =  0  that  no 
catalytic  recombination  reactions  take  place  (non- 
catalytic  behavior). 

As  an  example  Fig.  A4.7  shows  the  results  of  heat 
flux  measurements  that  were  performed  with  probes 
made  of  different  materials.  The  ‘n’  or  ‘s’  in  the  key 
explains  what  kind  of  measurement  it  was  (n:  non¬ 
stationary,  s:  stationary,  thin  wall  method).  One 
assumes  with  the  stationary  measurement  that  the 
surface  temperature  remains  constant  and  is  only 
slightly  higher  than  the  temperature  of  the  coolant 
(300  K).  The  temperature  for  the  stationary  meas¬ 
urements  applies  to  the  sample’s  average  surface 
temperature  when  measuring  in  the  middle  of  the 
beam  (y  =  0).  One  recognizes  that  the  surface  cataly- 
city  can  increase  the  heat  flux  by  more  than  a  factor 
of  2  and  that  a  material’s  catalycity  increases  as  the 
temperature  rises. 


Fig.  A4.7:  Results  of  heat  flux  measurements  with 
various  samples 


Copper  has  the  highest  catalycity  of  all  the  normal 
metals  used.  Its  recombination  coefficient  is  0.2  -  0.5 
and  for  gold  between  0.04  and  0.09. 
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A5  Enthalpy  Measurements 

Due  to  the  very  high  velocity  of  the  plasma  jet,  the 
total  specific  enthalpy  of  the  gas  consists  of  two  parts 
according  to: 

ht=|v2  +  cPT  •  (A5'1} 

As  discussed  in  the  introduction,  due  to  the  unknown 
enthalpy  distribution  in  the  nozzle  end  section  and 
due  to  interaction  of  the  jet  with  the  ambient  gas,  the 
local  enthalpy  can  not  be  derived  from  the  averaged 
value  in  the  nozzle  exit  plane.  Therefore,  at  the  IRS 
two  different  enthalpy  probes  are  used  depending  on 
the  pressure  level.  The  main  differences  are  that  in 
one  case  the  plasma  is  suctioned  out  and  in  the  other 
case  gas  is  injected.  In  addition  to  this,  the  specific 
enthalpy  is  calculated  from  the  heat  flux  measure¬ 
ments. 


A5.1  Mass  Suction  Enthalpy 
Probe 

If  the  total  pressure  is  high  enough,  then  the  local 
specific  enthalpy  and  the  local  mass  flow  rate  of  a 
supersonic  flow  can  be  determined  by  suctioning  out 
mass  using  the  probe  pictured  in  Fig.  A5.1. 

The  mass  flow  which  corresponds  to  the  probe 
opening  is  suctioned  out  with  a  pump  and  here  mg 
and  the  gas  temperature  Tg>2  at  the  end  of  the  probe 
and  consequently  the  enthalpy  of  the  gas  at  this  point 
can  be  determined.  The  suction  power  has  to  be  ad¬ 
justed  so  that  the  compression  shock  which  forms  in 
front  of  the  probe  is  perpendicular  to  the  inlet  open¬ 
ing  so  that  mass  escaping  or  in-flow  is  avoided. 


Fault  heat  flux 


Fig.  A5.1:  Set-up  of  a  mass  suction  enthalpy  probe 


The  amount  of  heat  which  is  carried  off  with  the 
cooling  water  is  measured  with  (V.  open)  as  well  as 
without  (V.  closed)  suction  and  so  the  amount  of  heat 
extracted  from  the  gas  flow  is  determined  by  means 
of  the  difference.  The  energy  balance  reads  as 
follows: 


2B-11 


ri»e  ^t.l  —  %  CW  Ow, outflow  ^W, inf  low) 

V.open 

|-mw  cw  (Tw  outflow  -  Tw  inf  Iow  )|  y  dosed  +  big  cp  Tg,2 

(A5.2) 

From  here  the  unknown  total  enthalpy  h^l  can  be 
obtained. 

Another  error  appears  when  the  specific  enthalpy  and 
thereby  the  suction  speed  are  very  high.  It  is  possible 
that  as  a  result  the  heat  transfer  to  the  wall  and 
herewith  to  the  water  circulation  will  be  greatly 
reduced  which  makes  itself  noticeable  in  that  the  gas 
temperature  Tgi2  rises  quickly.  Based  on  the  high  gas 
temperature  and  the  slight  temperature  increase  of  the 
cooling  water  connected  with  it,  determining  the 
enthalpy  under  these  conditions  can  result  in  a  large 
error.  Furthermore,  with  low  pressure  plasmas  the 
problem  arises  that  the  very  low  mass  flow  rate  nig 
can  only  be  measured  correctly  with  great  difficulty. 


A5.2  Mass  Injection  Enthalpy 
Probe 


This  diagnostic  method,  which  was  developed  at  the 
IRS  [A5.1],  can  be  used  for  plasma  flows  at  low 
pressures.  The  measurement  principle  is  based  on  the 
reduction  of  the  heat  flux  to  the  wall  due  to  mass 
injection  through  the  surface  of  the  probe  (see  Fig. 
A5.2). 

The  surface  heat  transfer  in  a  viscous  non-equilibrium 
high  enthalpy  flow  is  for  this  case  obtained  by: 
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where  the  radiation  is  often  negligible  (also  within 
this  investigation). 

A  mass  injection  through  the  wall  into  the  boundary 
layer  now  influences  the  layer  and  the  transferred 
heat  flux.  It  leads  to  a  decrease  of  the  temperature 
gradient  on  the  surface  and  therefore  to  a  decrease  of 
heat  flux  due  to  conduction.  Indeed,  when  the 
injection  rate  is  high  enough,  the  viscous  layer  is 
blown  completely  off  the  surface  and  the 
aerodynamic  convective  heat  transfer  becomes  zero. 
Theoretical  investigations  by  solving  the  transformed 
Navier-Stokes  equations  in  the  boundary  layer  show 
that  the  heat  flux  q  in  the  stagnation  point  of  the 
body  being  investigated  is  clearly  dependent  on  the 
mass  flow  of  the  cooling  gas  which  is  emitted  and  can 
be  expressed  over  a  wide  range  of  operations  by 


-3-  =  1  -  0.72  B  +  0.13  B2  (A5.4) 

<io 


with  the  so-called  mass  addition  factor  B 


B=  pwvw  =P^w(h__hw),  (A5.5) 

Poo  Voo  ^l0  M() 

Here  q0  is  the  heat  flux  and  St0  is  the  Stanton 
number  without  the  cooling  gas  mass  flow.  The 
Stanton  number  is  defined  as  the  relation  between  the 
heat  flux  which  appeared  and  the  maximum  possible 
heat  flux: 


% _ 

(h~-hw) 


(A5.6) 


Another  investigation  leads  to  nearly  identical  results 
by  solving  the  viscous  shock  layer  equations  [A5.2]. 
By  varying  the  specific  mass  flow  rate  pw  vw  and 

measuring  the  heat  flux  ratio  q  /  q  0  the  enthalpy  can 

be  determined  from  the  equation  system  above  as 
follows: 

The  heat  flux  to  the  probe  is  measured  by  varying  the 
mass  flow  rate  of  the  injection  within  a  wide  range. 
Then  the  heat  flux  ratio  q/q0  is  plotted  against  the 

mass  addition  factor  as  shown  in  Fig.  A5.4.  For  this  B 
has  to  be  calculated. 

In  order  to  calculate  the  mass  addition  factor  B,  the 
effective  area  specific  mass  flow  rate  of  the  cooling 
gas  pw  vw  must  be  known.  The  mass  flow  rate 

m  =  pw  vw  A  can  easily  be  measured  but  de¬ 
termining  the  corresponding  area  A  is  difficult.  This 
area  can  not  simply  be  stated  without  further  ado.  (In 
no  case  is  it  identical  to  the  sum  of  the  profiles  of  the 
cooling  gas  bore  holes.)  In  Fig.  A5.2  one  can  recog¬ 
nize  (although  only  weakly)  that  the  cold  boundary 
layer  arches  over  the  entire  area  of  the  cooling  gas 
bore  holes  and  beyond.  Measurements  in  plasmas 
with  a  known  enthalpy  that  consequently  allow  an 
inference  of  the  effective  discharge  area  show  that  in 
a  first  approximation  the  base  of  the  cold  boundary 
layer  can  be  perceived  as  an  effective  injection  area. 


Fig.  A5.2:  Cold  boundary  layer 


The  second  value  needed  to  calculate  B  is  the 
unknown  enthalpy  difference  to  begin  with,  and  the 
enthalpy  difference  is  arbitrarily  chosen.  The  uncer¬ 
tainty  in  determining  B  results  in  a  curve  which  will 
more  or  less  deviate  from  the  theoretical  function.  By 
varying  a  factor  X  the  curve  will  approach  the 
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theoretical  curve  when,  for  example,  the  least  squares 
method  is  used.  Figure  A5.4  shows  the  result  of  such 
a  regression  calculation  for  various  positions  in  the 
plasma  stream.  It  is  noticeable  that  from  a  mass 
addition  factor  of  B  =  1.2  onward  a  sudden  deviation 
of  the  measurements  from  the  course  of  the  theory 
appears.  Numerical  simulations  have  shown  that  at 
this  point  the  emission  speed  of  the  cooling  gas 
reaches  sonic  speed.  Here  effects  obviously  appear 
that  can  no  longer  be  explained  by  the  theory  applied. 
However,  this  is  unimportant  in  determining  the 
enthalpy  because  the  upper  portion  of  the  curve  is 
sufficient  for  the  regression  analysis. 

Probe  radius:  25  mm 


Fig.  A5.3:  Experimental  set-up  of  the  mass 
injection  probe 


The  experimental  set-up  is  shown  in  Fig.  A5.3.  In  the 
hemispherical  front  part  there  are  small  bore  holes 
through  which  the  cooling  gas  flows  and  in  the 
middle  there  is  a  Gardon  Gage  heat  flux  sensor.  The 
front  of  the  probe  differs  from  the  otherwise  flat  con¬ 
tour  of  the  mechanical  probes  usually  used  in  wind 
tunnels.  The  reason  is  that  in  a  flat  stagnation  point 
the  boundary  layer’s  similarity  to  itself  no  longer 
exists.  With  that  the  decrease  in  the  heat  flow  would 
no  longer  obey  the  form  given  in  Eq.  (A5.4). 


Fig.  A5.4:  Determining  the  enthalpy  by 
adjusting  the  measurement  curve  to  the 
theoretical  course 


A5.3  Determining  the  Specific 
Enthalpy  from  Heat  Flux 
Measurements 


The  local  distribution  of  the  specific  enthalpy  can  be 
determined  from  measurements  of  the  local  heat  flux 
distribution  and  the  total  pressure  distribution.  For 
this  purpose,  Fay  and  Riddell  [A5.3]  reformed  the 
laminar  boundary  layer  equations  for  chemically 
reactive  flows.  By  comparing  them  with  experimental 
results,  semi-empirical  equations  could  be  formed  for 
the  following  three  cases: 

-  boundary  layer  in  chemical  equilibrium 
(independent  of  the  surface  catalycity), 

-  frozen  boundary  layer  with  a  fully  catalytic  sur¬ 
face, 

-  frozen  boundary  layer  with  a  non-catalytic  sur¬ 
face. 


As  an  example  of  this  only  the  equation  for  the  heat 
flux  on  a  fully  catalytic  surface  is  given: 


qfc  =  0.763  Pr-0'6  ai  VpXF  (h„  -  hw ) 

[i+K63-f)(y]  • 


(A5.7) 


With  the  help  of  Eq.  (A5.7),  the  local  enthalpy  in  the 
flow  hM  can  in  principle  be  determined  by  measuring 
the  local  heat  flux.  However,  the  density  p„ , 
viscosity  ,  dissociation  energy  hD,  Prandtl  number 
Pr,  Lewis  number  Le  and  velocity  gradient  6  at  the 
stagnation  point  have  to  be  known. 

In  the  case  of  a  chemically  frozen  flow,  an  ap¬ 
proximate  solution  was  given  by  Pope  [A5.4]  which 
only  requires  that  the  Pitot  pressure  and  the  heat  flux 
be  known  in  order  to  calculate  the  enthalpy: 


Here  K  is  a  constant  which  has  the  value 
K  =  108  W/(MJ/kg  bar0-5  m1-5)  for  nitrogen,  R^f  is 
the  effective  leading  edge  radius  of  the  probe  which 
can  be  given  by  Reff  =  2.9  r^  (r^:  real  leading  edge 
radius)  for  the  relatively  low  Mach  numbers  in  the 
plasma  wind  tunnels. 

Here  qfc  represents  the  fully  catalytic  heat  flux.  For 
copper  up  to  a  specific  enthalpy  of  approximately 
50  MJ/kg  it  can  be  calculated  from  the  actual  heat 
fluxes  qfc  with  the  help  of  measurements  from  Pope 
[A5.5]  and  Goulard  [A5.6], 
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A6  Solid  State  Electrolyte  Probe 

Solid  state  electrolyte  probes  were  developed  to 
determine  the  local  oxygen  content  [A6.1].  The 
functional  principle  is  the  same  as  that  of  Lambda 
probes  used  in  cars. 

The  basic  idea  is  based  on  the  principle  of  elec¬ 
trolysis,  whereby,  however,  the  electrolyte  here  does 
not  exist  in  the  typical  liquid  form  but  rather  as  a 
solid.  Zirconium  dioxide  (Zr02)  doped  with  yttrium 
oxide  (Y203)  is  used  as  the  solid  state  electrolyte  (see 
Fig.  A6.1). 
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Fig.  A6.1:  Two-dimensional  representation  of  the 
mesh  structure 

The  presence  of  oxygen  vacancies  in  the  material 
make  oxygen  ion  (O2')  mobility  possible.  This  con¬ 
ductivity  is  very  low  at  room  temperatures  but 
reaches  values  of  a  wet  electrolyte  when  the  sensor  is 
heated  up  to  approximately  600°C.  The  conductivity 
due  to  electronic  mobility  can  usually  be  neglected. 
An  oxygen  sensor  can  be  constructed  by  providing 
the  solid  electrolyte  with  porous  electrodes  and  by 
separating  two  gas  chambers  with  it  as  shown  in  Fig. 
6.2.  At  higher  cell  temperatures  the  solid  electrolyte 
conducts  oxygen  ions,  thus  an  oxygen  concentration 
difference  between  the  sample  and  reference  chamber 
results  in  a  potential  difference. 


u. 

Fig.  A6.2:  Basic  construction  of  a  potentiometric 
solid  state  electrolyte  sensor 


In  order  to  reach  the  necessary  electrolyte  tem¬ 
peratures,  a  heating  element  is  integrated  into  the 
sensor.  On  the  cathode  the  molecular  oxygen  is 
catalytically  decomposed  into  two  double  negative 
oxygen  ions.  The  reduction  of  the  ions  takes  place  at 
the  cathode.  The  electromotive  power  of  a  concen¬ 
tration  cell,  as  shown  in  Fig.  A6.2,  can  be  described 
by  the  so-called  Nernst  equation  in  a  first  approxi¬ 
mation. 

AUs=^ln-^L_  .  (A6.1) 

4F  Po„ 

2,meas 

Ts  is  here  the  sensor  temperature,  F  the  so-called 
Faraday  constant  with  the  value 

F  =  9.6485- 104  As/mol  and  pn  or  pn  the 

u2,ref  u2,meas 

particle  pressure  of  oxygen  in  the  reference  and  the 
sample  chamber,  respectively. 

Solid  state  electrolyte  probes  can  be  operated  ac¬ 
cording  to  two  different  measurement  principles. 
First,  the  voltage  AUP  can  be  measured  directly. 
Secondly,  constant  voltage  can  be  applied  externally 
so  that  a  continuous  current  flows  over  the  ceramic. 
In  the  first  case  one  calls  it  a  potentiometric  and  in 
the  second  an  amperometric  probe. 

Potentiometric  probes  can  cover  a  measurement  area 
of  8  decades  without  any  problems.  Within  this  area 
the  partial  pressure  can  be  described  well  with  Eq. 
(A6.1).  In  comparison,  with  the  amperometric  sensors 
one  intentionally  creates  a  flux  of  oxygen  ions, 
whereby  the  adjusted  current  is  in  turn  an  index  for 
the  oxygen  concentration.  With  amperometric  probes 
the  determination  of  the  oxygen  concentration  is 
more  accurate;  however,  measurements  are  only 
possible  within  three  decades. 

Figure  A6.3  shows  the  water-cooled  probe  used  in  the 
PWK.  The  reference  chamber  of  the  probe  is 
connected  with  the  environment  outside  the  PWK  by 
means  of  a  hose  line.  That  means  that  the  reference 
partial  pressure  corresponds  to  the  oxygen  partial 
pressure  of  the  laboratory  atmosphere. 
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Cooling  feed-through 

Fig.  A6.3:  Solid  state  electrolyte  probe  for  use  in  a 
PWK 

Due  to  the  high  catalycity  of  the  surface,  these  solid 
state  electrolyte  probes  can  not  differentiate  between 
atomic  and  molecular  oxygen.  The  oxygen 
distribution  measured  with  solid  state  electrolyte 
sensors  corresponds  to  the  sum  from  the  molecule 
portions  of  O  and  02.  Moreover,  additional  electro¬ 
chemical  reactions  on  the  catalytic  probe  electrodes 
are  brought  about  by  oxidizable  gases  such  as  NO 
and  CO  which  are  often  present  in  combustion  gases 
and  thereby  influence  the  sensor  voltage  and  may 
therefore  falsify  the  measurement. 
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A7  Electrostatic  Probes 

Electrostatic  probes  normally  used  in  plasma  wind 
tunnels  consist  of  up  to  three  electrodes  which  are 
electrically  insulated  from  each  other  and  from  mass 
and  are  exposed  to  the  plasma.  By  recording  current- 
voltage  characteristics  or  current-time  developments, 
the  various  parameters  of  the  plasma  such  as  plasma 
potential,  electron  temperature  and  density,  flow 
direction,  electron  energy  function,  plasma  velocity 
or  ion  temperature  can  be  determined  at  the  position 
of  the  probe  electrodes  [A7.1,  A7.2]. 

If  one  moves  an  electrostatic  probe  into  a  plasma 
beam,  a  plasma  boundary  layer  forms  around  the 
probe.  This  layer  can  be  altered  by  varying  the  bias 
voltage  across  the  probe.  Important  plasma  para¬ 
meters  can  be  deduced  from  the  probe  signal.  For  this 
purpose,  the  boundary  layer  must  be  described  theo¬ 
retically. 

When  moving  a  probe  into  a  plasma  assumed  to  be 
quasi-neutral,  a  negative  charge  of  the  probe  takes 
place  across  from  the  surrounding  plasma.  This  is 
because  the  higher  thermal  mobility  of  the  electrons 
causes  more  electrons  than  ions  to  reach  the  probe 
electrode  surface.  The  negative  charge  causes  a 


repulsion  of  further  electrons  in  the  area  around  the 
probe.  Therefore,  a  positive  space  charge  layer  forms 
which  disturbs  the  ionization  recombination 
equilibrium. 

The  higher  ion  density  in  the  space  charge  layer 
around  the  probe,  compared  to  the  electron  density, 
causes  the  formation  of  an  electric  field  which  de¬ 
creases  as  the  distance  to  the  probe  surface  increases. 
As  a  result  of  the  recombinations  on  the  probe 
surface,  charge  carriers  from  the  quasi-neutral,  un¬ 
disturbed  plasma  have  to  subsequently  be  delivered 
to  the  space  charge  layer.  This  charge  carrier  drift 
requires  the  existence  of  a  weak  remaining  field 
which  must  also  be  present  outside  of  the  space 
charge  layer  in  the  so-called  transition  region.  Figure 
A7.1  shows  the  development  of  the  potential  in  the 
entire  plasma  surface  layer. 


Fig:  A7.1:  Potential  development  in  the  plasma 
surface  layer 


The  thickness  of  the  space  charge  layer  is  given  by 
the  Debye  length  which  is  dependent  on  the 
electron  temperature  and  density  by  means  of  the 
equation 


£0kTe 
e2  n„ 


(A7.1) 


Figure  A7.2  shows  that,  for  example,  in  MPD  tunnels 
the  Debye  length  is  several  mm.  In  the  adjacent 
transition  region,  a  slight  charge  carrier  concentration 
decline  still  exists  which  affects  the  drift.  Despite  the 
small,  remaining  electric  field  in  the  transition  region, 
the  plasma  can  be  considered  quasi-neutral  for  the 
theoretical  treatment.  For  additional  increasing 
distances  from  the  probe  surface,  the  undisturbed, 
quasi-neutral  plasma  with  the  potential  VPL  is  finally 
reached.  The  border  of  the  space  charge  layer  is 
determined  by  the  so-called  Bohm  criteria  according 
to  which  the  charge  carriers  entering  the  space  charge 
layer  have  to  apply  the  energy  of 

kT 

eVrs=Y  •  (A7.2) 

Moreover,  for  the  theoretical  description  of  the 
boundary  layer,  the  smallest  mean  free  path  is  of 
great  importance.  It  is  the  mean  free  path  due  to 
electron  and  ion  collisions: 
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Fig.  A7.2:  Debye  length  as  a  function  of  n,  and  T, 


As  can  be  seen  in  Fig.  A7.3,  in  the  MPD  tunnels  it  is 
expressed  in  mm. 


Te 


The  current  that  flows  to  a  probe’s  surface  depends 
on  the  mean  free  path  A,ei  of  the  charge  carrier  and  the 
Debye  length  A,  in  the  space  charge  layer  and  on  the 
probe  radius  r.  The  relationships  between  these 
parameters  determine  whether  the  movement  of  the 
charge  carriers  in  the  space  charge  layer  is  influenced 
by  a  shock. 

If  the  probe  radius  can  be  chosen  so  that 

Ki  »  r  »  \  (A7.4) 

is  fulfilled,  then  a  so-called  conventional  shockless 
thin  space  charge  layer  can  be  assumed. 

In  an  MPD  tunnel  partial  densities  of  the  charged 
particles  in  the  investigated  regions  of  the  air  plasma 
flow,  ranging  from  x  =  50  mm  to  500  mm  axial  dis¬ 
tance  to  the  MPG,  are  in  the  range  of  ne  =  1017  to  1021 
m'3.  With  electron  temperatures  Te  of  5000  to 
30000  K,  this  results  in  Debye  lengths  of  <  40  pm. 


The  Coulomb  mean  free  paths  are  in  the  range  of  A,ei 
>  1  mm. 

The  shockless  theories  developed  for  stationary 
plasmas  and  cylindrical  probes  can  also  be  applied  to 
flowing,  shockless  plasmas  when  the  cylindrical 
probes  with  a  length  l  are  aligned  with  the  plasma 
flow  and  l/X  »  1  is  fulfilled.  In  the  case  of  larger 
Debye  lengths  the  plasma  layer  is  enlarged  at  the 
front  surface  of  the  probe  and  the  ion  current  to  this 
surface  compared  with  the  ion  current  to  the  cylin¬ 
drical  surface  of  the  length  l  can  no  longer  be  ne¬ 
glected.  The  ratio  lfkD  is  proportional  to  the  so-called 
end  effect  parameter  t  which  is  a  criterion  for  the 
portion  of  current  to  the  front  surface  of  a  cylindrical 
probe  aligned  with  the  plasma  flow.  For  t  >  50  this 
amount  of  current  is  negligible. 

Table  7.1  gives  an  overview  of  the  probes  typically 
used  for  plasma  diagnostics  and  the  plasma 
parameters  which  can  be  determined  with  each  one. 


r  s  . 7- 

Hi 

Single  probe 

Electron  temperature  Te,  ' 
electron  density  ne,  plasma 
potential,  electron  energy 
distribution 

Double  probe 

Electron  temperature  Te, 
electron  density  ne 

Triple  probe 

Electron  temperature  Te, 
electron  density  ne 

Time  of  flight  probe 

Plasma  velocity 

Electrostatic  angle 
probe 

Plasma  flow  line 

Rotation  electrostatic 
probe 

Plasma  flow  line 

Electrostatic  crossed 
probe 

Plasma  velocity  at  known 
ion  temperature  ion 
temperature  at  known 
plasma  velocity 

Tab.  7.1  Various  probes  and  their  determinable 
plasma  parameters 


A7.1  Electrostatic  Single  Probe 

The  measurement  diagnostic  while  operating 
electrostatic  single  probes  consists  of  determining  the 
current-voltage  characteristic.  By  applying  external 
voltage  between  the  single  probe  electrode  and  a 
reference  electrode  in  contact  with  the  plasma,  the 
probe  potential  V  is  varied  with  respect  to  the  sur¬ 
rounding  plasma  and  therefore  the  thickness  of  the 
space  charge  layer  is  changed.  Figure  A7.4  depicts  a 
typical  current-voltage  characteristic. 

Here  the  entire  current  to  the  probe  consists  of  the  ion 
current  I;  and  the  electron  current  Ie  components.  The 
single  probe  characteristic  curve  can  be  divided  into 
three  areas:  ion  saturation  A,  transition  region  B  and 
electron  saturation  C. 
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Fig.  A7.4:  Typical  single  probe  current- voltage 
characteristic 


For  large  negative  probe  voltages  all  electrons  are 
rejected  by  the  probe;  only  ions  are  drawn  by  the 
probe  resulting  in  an  ion  saturation  current.  For  lower 
negative  probe  voltages  in  the  electron  retarding  re¬ 
gion  of  the  probe  characteristics,  an  increasing 
amount  of  electrons  contributes  to  the  net  current 
drawn  by  the  probe  while  the  ion  current  portion  de¬ 
creases.  At  the  floating  potential  VF  no  net  current  is 
drawn  since  the  ion  current  I;  equals  the  electron 
current  Ie.  If  the  probe  voltage  reaches  the  point  VP1, 
the  space  charge  zone  disappears  because  there  is  no 
longer  a  potential  difference  between  the  probe  and 
the  plasma.  Therefore,  VP|  is  referred  to  as  plasma 
potential.  At  probe  voltages  positive  with  respect  to 
the  plasma  potential  VP1  ,  the  ions  are  rejected  and 
only  electrons  contribute  to  the  probe  current.  Satu¬ 
ration  is  reached  when  due  to  the  electron  mobility 
more  electrons  can  no  longer  be  supplied  from  the 
plasma. 

The  electron  saturation  current  is  substantially  higher 
than  the  ion  saturation  current  due  to  the  higher 
mobility  of  the  electrons.  The  ratio  of  the  two 
currents  is  given  by: 


miTe 

nrT- 


(A7.5) 


Electron  Temperature 


The  shape  of  the  probe  characteristic  especially  in  the 
electron  retarding  region,  where  the  transition  from 
ion  to  electron  current  occurs,  is  governed  by  the 
electron  energy  distribution  function.  If  the  electron 
current  to  the  probe  is  calculated  assuming  Maxwell 
distribution,  the  result  is  a  simple  equation  for 
determining  the  electron  temperature: 
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For  a  Maxwellian  electron  energy  distribution 
function,  the  electron  temperature  Te  can  therefore  be 
obtained  by  plotting  the  slope  of  the  logarithmic 
electron  current  in  the  retarding  region  versus  the 
probe  potential. 


The  electron  current  plotted  logarithmically  against 
the  probe  potential  in  the  transition  area  B  has  to 
result  in  an  even  integer  (see  Fig.  A7.5).  The  value  of 
the  increase  of  these  even  integers  is  required  to 
determine  the  electron  temperature.  In  practice, 
however,  an  evaluation  in  the  region  of  the  floating 
potential  VF  has  been  proven  to  be  most  reliable. 


Fig.  A7.5:  Determining  the  electron  temperature 

The  electron  current  in  region  B  is  determined  from 
the  current-voltage  characteristic  (Fig.  A7.4)  in  that 
one  first  of  all  determines  the  ion  current  by  means  of 
a  linear  extrapolation  from  the  ion  saturation  current. 
This  is  then  subtracted  from  the  measured  total 
current. 


Plasma  Potential 

The  plasma  potential  can  also  be  determined  from 
Fig.  A7.5.  The  plasma  potential  VP1  is  given  by  the 
crossing  point  of  the  extrapolated  linear  electron 
retarding  region  and  the  saturation  region  of  the 
logarithmic  electron  current. 


Electron  Density 


The  ion  current  is  calculated  to  determine  the 
electron  density.  Assuming  quasi-neutrality  Lafram- 
boise  did  this  for  a  probe  in  a  parallel  flow  taking  the 
thermal  non-equilibrium  into  account. 

According  to  Laframboise’s  theory  [A7.3],  the  ion 
current  Ij  to  a  single  probe  aligned  with  the  plasma  is 
given  by 


Ii  =  A  e  ne 
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The  correction  factor  ii  depends  on  the  normalized 
plasma  potential  %p  -  e(Vpl  -  Vp)/  kTe  ,  the  Debye 

ratio  r/A,D  and  the  temperature  ratio  T/T,.  The 
correction  factor  can  be  set  to  1  in  good  approxima¬ 
tion  if  the  Debye  ratio  is  greater  than  50,  which  can 
be  achieved  by  choosing  the  corresponding  probe 
radius  r  in  accordance  with  this  requirement  and  if  the 
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ion  current  is  obtained  by  the  extrapolation  of  the 
saturation  current  region  to  values  of  small  normal¬ 
ized  probe  potentials  Xp  • 

Electron  Energy  Distribution 

An  essential  requirement  of  the  single  probe  theory 
introduced  here  is  the  assumption  of  a  Maxwell 
distribution  of  the  electron  energies.  The  validity  of 
this  assumption  in  the  plasma  which  has  been  exam¬ 
ined  can  be  proven  rather  easily  based  on  the  linearity 
of  the  logarithmized  electron  current  in  the  transition 
region  of  the  probe  characteristic  curve  as  shown  in 
Fig.  A7.5.  Due  to  high  local  heat  input,  deviations 
from  this  energy  distribution  may  occur  so  that  it  is 
no  longer  possible  to  exactly  determine  the  electron 
temperature  based  on  the  electron  current  increase  of 
a  single  probe  measurement. 

According  to  Fig.  A7.6,  the  electrons  on  the  center 
line  at  a  distance  of  x=  117  mm  to  the  exit  of  the 
MPG  are  non-Maxwellian.  It  can  be  clearly  seen  from 
Fig.  A7.6  that  for  the  other  positions  the  electrons  do 
have  a  Maxwellian  energy  distribution. 


Fig.  A7.6:  Semi-logarithmic  plots  of  the  electron 
currents  to  a  single  probe  at  different  x,  y 
positions  to  the  MPG  exit 


In  the  case  of  deviations  from  the  Maxwellian 
electron  velocity  or  distribution,  i.e.  one  has  a  differ¬ 
ent  isotropic  distribution  function,  this  distribution 
function  can  be  obtained  from  the  probe  characteris¬ 
tic  in  the  retarding  region  at  Vs  <  VPL.  The  shape  of 
the  second  derivative  of  the  electron  current  Ie  to  a 
single  probe  with  respect  to  the  probe  voltage  U  is 
proportional  to  the  shape  of  the  distribution  function 
of  the  electrons  which  can  be  numerically  fitted.  To 
do  this,  the  plasma  potential  VPi  must  be  known  since 
the  probe  potential  must  be  measured  with  respect  to 
the  plasma  potential.  In  the  electron  retarding  region 
of  the  probe  characteristic,  the  change  of  probe 
current  is  mainly  driven  by  the  change  in  the  electron 
current  part  which  is  much  greater  than  the  change  in 
the  ion  current.  Thus  it  can  be  assumed  that  the 
second  derivative  of  the  total  probe  current  is 


essentially  the  same  as  the  second  derivative  of  the 
electron  current. 

If  the  electron  current  Ie  is  differentiated  twice  with 
respect  to  U,  one  yields 


[f(E)JE=_eU  = 
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for  the  velocity  distribution  function  f(E)  and 
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for  the  energy  distribution  function  of  the  electrons. 

In  Figs.  A7.7  and  A7.8  the  experimentally  obtained 
electron  energy  distribution  functions  at  two  different 
positions  in  the  air  plasma  are  shown.  For  reasons  of 
comparison,  Fig.  A7.7  also  shows  a  theoretical 
Maxwell  distribution  function  at  an  appropriate 
electron  temperature  Te. 


Fig.  A7.7:  Experimental  and  theoretical  (Maxwell) 
electron  energy  distribution  function 
at  x,  y  =  467mm,  60  mm 


Figure  A7.8  shows  the  experimentally  obtained 
electron  energy  distribution  function  on  the  plasma 
flow  center  line  at  x  =  1 17  mm.  High  energy  elec¬ 


trons  are  dominant. 


distribution  function  at  x,  y  =  117  mm,  0mm 
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Experimental  Set-up 

Figure  A7.9  shows  the  design  of  a  typical  single 
probe.  For  use  in  MPD  tunnels  the  probe  itself  con¬ 
sists  of  a  tungsten  wire  with  a  diameter  of  0.1  to 
1  mm  and  an  effective  length  of  5  to  20  mm.  The  rest 
of  the  wire  is  insulated  from  the  probe  clamp  by 
means  of  a  small  aluminum  tube. 


Insulator 


never  reaches  the  point  of  electron  saturation.  Figure 
A7.10  shows  a  typical  double  probe  characteristic 
curve. 


Fig.  A7.9:  Experimental  design  for  single  and 
double  probe  measurements 

A  power  pack  supplies  voltage  of  ±  30  V  which  is 
modulated  in  the  form  of  a  sine  or  saw  tooth  signal 
from  a  portable  generator.  This  voltage  variation  is 
established  as  probe  potential.  The  modulation  across 
the  entire  voltage  region  is  done  with  a  frequency  of 
up  to  10  kHz.  The  probe  potential  is  measured 
directly  and  the  probe  current  is  measured  at  a 
precision  resistance.  The  measurements  are  recorded 
with  a  oscilloscope  or  transient  recorder. 


A7.2  Electrostatic  Double  Probe 

A  double  probe  consists  of  two  cylindrical  probe 
electrodes  whose  distance  to  each  other  has  to  be 
more  than  several  Debye  lengths  so  that  any  kinds  of 
disturbances  can  be  ruled  out.  Normally  the  surfaces 
of  both  electrodes  are  the  same  size.  This  condition 
should  be  assumed  for  the  following. 

Voltage  is  created  between  the  two  electrons  and  the 
flowing  current  is  measured.  Each  electrode  can  be 
considered  to  be  a  single  probe  with  the  other 
electrode  acting  as  the  reference.  The  theory  of  the 
double  probe  characteristic  can,  therefore,  principally 
be  derived  from  the  theory  for  single  probes. 

If  the  potential  of  a  probe  electrode  (electrode  1)  is 
negative  compared  to  the  plasma  after  applying 
external  voltage  V,  then  there  is  a  continuous  de¬ 
crease  of  the  electron  current  portion  until  ion  satu¬ 
ration  is  reached.  If  the  external  voltage  is  0,  both 
probe  electrodes  float  and  the  resulting  total  current 
disappears.  In  the  case  of  polarity  reversal  of  the 
double  probe,  electrode  2  becomes  more  and  more 
negative  compared  to  the  plasma  potential  and  finally 
reaches  ion  current  saturation.  Electrode  1  compen¬ 
sates  for  this  ion  current  with  an  appropriately  large 
electron  current.  In  this  way,  contrary  to  the  single 
probe,  the  double  probe  with  equal  surface  areas 


Fig.  A7.10:  Double  probe  characteristic  curve  for 
electrodes  with  equal  surface  area 

Only  high  energy  electrons  penetrate  the  plasma 
sheath  near  the  floating  potential  VF  and  contribute  to 
the  net  current.  This  means  that  the  double  probe  is 
less  sensitive  to  low  energy  deviations  from  the  as¬ 
sumption  of  Maxwell  electron  energy  distribution 
(see  Fig.  A7.7). 


Electron  Temperature 


The  electron  temperature  Te  is  obtained  by  the 
equation  (A7.10): 


dl 

dV 


v=o 


In  hi 


*il  +Ii2 


(A7.10) 


The  ion  currents  In  and  Ii2  are  extrapolated  from  the 
saturation  regions  of  the  characteristic  to  the  floating 
potential  VPL  where  no  current  is  drawn  (see  Fig. 
A7.10). 


Electron  Density 

The  electron  density  can  be  determined  from  a  double 
probe  measurement  with  the  same  equation  as  with  a 
single  probe  measurement  Eq.  (A7.7).  However,  a 
mean  ion  current  has  to  be  determined.  With  a  double 
probe  with  equal  surface  areas  this  is  obtained  from 


h  = 


M+M 


(A7.ll) 


The  decision  whether  one  uses  a  single  or  a  double 
probe  is  based  on  the  advantages  and  disadvantages 
of  each  method.  Single  probe  measurements  and  the 
evaluation  can  be  performed  quickly  due  to  the  low 
Debye  lengths  and  the  resulting  negligible  ion  current 
correction  factor.  These  probes  are  smaller  and  allow 
for  a  better  local  resolution  of  the  plasma  parameters. 
However,  single  probes  used  to  determine  the 
electron  temperature  and  density  reach  their  limits  as 
soon  as  significant  deviations  of  the  electron  energies 
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from  the  Maxwell  distribution  appear.  An  additional 
disadvantage  is  that  the  distance  between  the 
reference  electrode  and  the  single  probe  is  usually 
quite  large  and  therefore  the  probe  characteristic  can 
be  influenced  by  changes  in  the  plasma  potential 
between  the  two  electrodes.  Moreover,  a  thermal 
overload  and  destruction  can  be  easily  caused  by  the 
high  electron  current  load  of  a  single  probe  which 
results  in  an  increased  burning  off  of  the  probe 
electrodes  with  erosive  plasmas.  With  a  double 
probe,  the  load  from  the  current  is  lower  due  to  the 
essentially  smaller  ion  current  saturation,  which  in 
this  case  is  the  maximum  current  load.  The  number  of 
electrons  in  a  double  probe  current  is  limited  to  the 
high  energy  electrons,  i.e.  a  double  probe  measure¬ 
ment  is  less  susceptible  to  deviations  of  the  electron 
energy  distribution.  The  disadvantages  of  the  double 
probe,  the  larger  size  and  lower  local  resolution  of 
the  measurement,  can  usually  be  compensated  for 
with  the  smaller  changes  of  the  plasma  potential 
between  the  electrodes.  The  technical  performance 
and  the  construction  of  a  double  probe  only  differs 
from  a  single  probe  in  that  the  voltage  is  established 
between  the  two  probes. 


A7.3  Electrostatic  Triple  Probe 

A  major  disadvantage  of  single  and  double  probes  for 
plasma  wind  tunnel  applications  is  that  the  heat  load 
during  the  measurement  of  the  probes  in  the  plasma 
jet  is  very  high  due  to  the  time  needed  to  obtain  the 
full  probe  characteristics  at  any  measurement  point. 
In  addition,  the  current  to  the  probe  often  results  in 
high  thermal  loads,  leading  to  extensive  erosion  in  the 
chemically  reacting  air  plasma.  With  an  electrostatic 
triple  probe,  for  example,  the  whole  radial 
distribution  of  the  electron  temperature  and  the 
electron  density  can  be  measured  by  a  fast  radial 
motion  of  the  probe  through  the  investigated  plasma 
jet.  No  further  evaluation  of  characteristics  taken  at 
specific  radial  test  positions  is  necessary. 


Fig.  A7.ll:  Triple  probe  measurement  set-up 


As  shown  in  Fig.  A7.ll,  the  electrostatic  triple  probe 
consists  of  three  electrodes  identical  in  surface  area 
A,  two  of  them  (1,  3)  connected  to  a  double  probe 
and  a  third  (2)  floating  with  respect  to  the  plasma. 


Electron  Temperature 

In  a  collisionless  thin  sheath  of  plasma  at  the  probe 
surface,  the  current  to  each  electrode  at  a  potential  V 
can  be  expressed  by: 

-I,  =  A  ji  (Vj)  -  A  je  exp  (-eVi/kTe)  ,  (A7.12) 

12  =  A  ji  (V2)  -  A  je  exp  (-eV2/kTe)  ,  (A7.13) 

13  =  A  ji  (V3)  -  A  je  exp  (-eV3/kTe)  .  (A7.14) 
Without  an  externally  applied  potential  difference 
between  the  double  probe  circuit  and  the  floating 
electrode,  the  current  I2  to  the  floating  electrode  will 
be  zero.  By  assuming  no  variation  in  ion  current 
density  ji  in  the  probe  region,  one  obtains  from  the 
current  ratio: 

U2  =  ^-[ln2-ln(l  +  exp(-eU3  /kTe))]  .  (A7.15) 

with  U2  =  V2  -  Vj  and  U3  =  V3  -  Vi.  For  an  externally 
applied  fixed  potential  difference  U3  in  the  double 
probe  circuit,  an  electron  temperature  dependent  po¬ 
tential  voltage  difference  U2  can  be  measured  be¬ 
tween  the  double  probe  and  the  floating  electrode.  By 
moving  the  probe  through  the  plasma,  direct  radial  or 
axial  distribution  of  Te  can  be  measured. 


Electron  Density 


Since  the  ion  current  density  jj  depends  on  the 
electrode  potentials,  the  assumption  of  equal  ion 
current  densities  is  not  quite  correct  even  for  the  thin 
sheath  case.  Therefore,  Chen  and  Sekiguchi  derived 
an  approximate  expression  for  the  ion  current  density 
which  includes  a  correction  factor  B  [A7.4].  This 
correction  factor  scales  the  potential  difference  with 
respect  to  the  floating  potential  VF.  The  correction 
factor  B  can  be  calculated  from  the  equation 


(A7.16) 


by  using  one  of  the  triple  electrodes  as  a  single  probe 
in  order  to  determine  the  floating  potential  VF  and  the 
electron  temperature  as  described  in  Eq.  (A7.1).  Us¬ 
ing  this  correction,  one  obtains: 


j  i-(vi -bu2  +3/i+b(u3  -U2)j 
2~ 

1-exp 
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*  0.5  exi 


<-$) 


(A7.17) 


to  determine  the  electron  temperature. 

In  Fig.  A7.12  the  correction  factor  B  is  plotted  as 
function  of  electron  temperature  for  different  gases. 
Without  this  correction  the  electron  temperatures  are 
overestimated  by  20%  at  the  most. 

From  the  collisionless  probe  theory  and  the  measured 
current  I  in  the  double  probe  circuit  under  the 
assumption  of  constant  current  density  j,  the  electron 
number  density  is  determined  by: 


A  e^/kTe  [exp(-eU  2  /  kTe )  - 1] 


n 


(A7.18) 
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Without  this  correction  factor  the  electron  density  is 
overestimated  by  a  maximum  of  40%  according  to 
the  theory  of  Chen  and  Sekiguchi  with  respect  to  Eq. 
(A7.15).  The  equation  for  the  electron  density 
changes  to: 

n  V^T  I.05  109(l-I3(VF -e/2kTe))‘/2  (A7.19) 

A  Vi;(exp(eU2/kTe)-(l-fiU2)'/2)' 


Fig.  A7.12:  Correction  factor  P  for  various  plas' 
mas  as  function  of  the  electron  temperature  Te 


For  the  use  of  the  formula  given  in  section  A7.3  the 
electron  energy  distribution  has  to  be  Maxwellian.  A 
correction  in  the  case  of  a  non-Maxwellian  energy 
distribution  is  impossible  without  losing  the 
advantage  of  rapid  mobility  of  this  type  of  probe.  In 
this  case  a  single  probe  measurement  is  preferable 
because  of  its  much  higher  local  resolution. 

The  wiring  of  the  probe  can  be  seen  in  Fig.  A7.ll. 
Contrary  to  single  and  double  probe  measurements,  a 
saw  tooth  generator  is  not  necessary.  This  makes  it 
possible  to  achieve  a  substantially  higher  transport 
speed  of  the  probe  in  the  plasma  beam  and  therefore 
a  lower  thermal  load. 

Figures  A7.13  and  A7.14  show  cross  sections  of  the 
electron  temperature  and  density,  determined  by  a 
double  and  triple  probe  respectively,  through  the 
plasma  beam  at  a  distance  of  467  mm  from  the  nozzle 
end  of  the  plasma  generator  in  an  MPD  tunnel. 


Position  y  [mm] 

Fig.  A7.13:  Electron  temperature  distribution 


Position  y  [mm] 

Fig.  A7.14:  Radial  electron  density  distribution 

A7.4  Time  of  Flight  Probe 

Time  of  flight  probes  are  in  use  for  plasma  flow 
measurements.  They  are  electrostatic  double  probes 
separated  at  a  known  distance  and  aligned  with  the 
flow  of  the  plasma  particles  as  shown  in  Fig.  A7.15. 


Upstream  and  downstream  probes  are  both  biased  to 
draw  ion-saturation  current.  Fluctuations  in  the  local 
ion  number  density  around  a  probe  result  in  fluctua¬ 
tions  in  the  detected  ion  current.  By  moving  with  the 
flow  velocity  v,  those  fluctuations  are  first  detected  at 
the  upstream  probe  and  then  time-delayed  at  the 
downstream  probe.  The  method  of  time  of  flight 
probes  as  described  is  only  applicable  within  regions 
with  moderate  velocity  gradients  because  a  relatively 
large  probe  separation  of  about  25-50  mm  is  needed 
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to  resolve  the  time  delays  in  high  speed  plasmas.  By 
performing  an  FFT-cross-correlation  with  the  two 
signals,  the  value  of  the  time  shift  in  respect  to  the 
time  of  flight  can  easily  be  determined.  With  the 
known  separation  of  the  two  probes,  the  velocity  of 
the  plasma  particles  can  be  calculated. 

Within  the  air  plasma  of  an  MPD  wind  tunnel  the 
natural  plasma  fluctuation  is  high  enough  to  use  this 
method.  Figure  A7.16  shows  the  axial  velocity 
distribution  at  the  center  line  of  the  plasma  jet.  The 
velocity  measurements,  especially  those  close  to  the 
plasma  source,  were  compared  to  optical  velocity 
measurements  using  the  Doppler  shift  effect  of  a 
nitrogen  NI  emission  line  at  746.83  nm,  detected  with 
a  Fabry-Perot  interferometer  described  in  section  B4. 
In  Fig.  A7.17  the  plasma  velocity  measurements  were 
taken  as  input  values  for  calculation  of  the  stagnation 
pressures  by  the  Bernoulli  equation.  The  calculated 
results  already  agreed  quite  well  with  measurements 
of  the  pressure. 
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Fig.  A7.16:  Axial  velocity  distribution  measured 
with  time  of  flight  probes  and  Fabry-Perot 
interferometry 


radial  position  [mm] 

Fig.  A7.17:  Total  pressure  distribution 

A7.5  Electrostatic  Angle  Probe 

Theoretically  formulated  and  experimentally  verified, 
the  ion  current  to  a  cylindrical  probe  in  a  plasma  flow 
depends  strongly  on  the  angle  0  between  the  probe 
axis  and  the  plasma  flow  vector  [A7.5].  For  a  probe 
electrode  not  aligned  with  the  plasma  flow,  the 
kinetic  energy  of  charged  particles  moving  towards 


the  electrode  results  in  a  deformation  of  the  potential 
sheath  around  the  electrode,  in  which  the  charged 
particles  are  sampled  and  contribute  significantly  to 
the  probe  current.  For  electrodes  aligned  with  the 
plasma  flow  vector,  only  those  charged  particles 
which  enter  the  potential  sheath  by  random  thermal 
motion  like  in  stationary  plasma  contribute  to  the 
probe  current.  In  general  the  ion  current  to  a  probe  at 
an  angle  0  with  respect  to  the  velocity  vector  can  be 
described  by  the  following  equation: 


Here  vs  is  the  directed  ion  flow  velocity,  A  the  probe 
surface  area  and  v^,  the  thermal  velocity  given  by: 


(A7.21) 


With  two  different  probes  this  current  dependence  of 
the  angle  is  made  use  of  at  the  IRS:  in  the  case  of  the 
rotating  electrostatic  probe  for  determining  the  flow 
direction  and  in  the  case  of  the  so-called  electrostatic 
crossed  probe  for  velocity  or  ion  current 
measurement. 


A7.5.1  Rotating  Electrostatic  Probe 

The  flow  direction  in  a  diverging  plasma  flow  can  be 
determined  based  on  Eq.  (A7.20)  using  a  cylindrical 
single  probe  which  is  rotated  as  shown  in  Fig.  A7.18. 


Fig.  A7.18:  Rotating  probe 


The  variation  of  the  probe  angle  0  with  respect  to  the 
flow  direction  causes  a  change  in  the  current  to  the 
probe  which  has  a  minimum  in  the  case  of  a  parallel 
alignment.  In  Fig.  A7.19  the  theoretical  course  of  the 
probe  current  for  constant  values  of  the  flow  velocity 
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Vj  while  varying  the  probe  angle  is  shown.  Likewise 
the  constant  values  of  the  electron  temperature  Te,  the 
mass  m;  as  well  as  the  charge  carrier  density  ne  and 
the  probe  surface  A  influence  the  shape  of  the  curve 
but  do  not  change  the  location  of  its  minimum.  While 
the  probe  is  being  turned,  a  constant  negative  probe 
voltage  to  the  ground  is  applied  so  that  the  probe 
draws  ion  saturation  current. 


Fig.  A7.19:  Calculated  ion  current  to  a  cylindrical 
probe  depending  on  the  oncoming  flow  angle  0 


The  current  as  function  of  the  angle  9  can  be 
calculated  from  the  constant  rotation  velocity  of  the 
probe.  The  angle  0  which  correspnds  to  the  current 
minimum  then  gives  the  flow  direction  at  the 
measurement  position. 


A7.5.2  Electrostatic  Crossed  Probes 


For  two  single  probes  with  one  oriented  perpen¬ 
dicular  to  (sin  0=1)  and  one  aligned  with  the  flow 
vector  (see  Fig.  A7.20)  the  reaction  of  the  two  cur¬ 
rents  becomes: 


(A7.22) 


If  the  ion  temperature  and  therefore  with  Eq.  (A7.21) 
the  thermal  velocity  is  known,  the  directed  ion 
velocity  Vj  can  be  derived  from  the  current  ratio 
[A7.6].  By  knowing  the  directed  velocity  of  the 
plasma  from  time  of  flight  measurements,  for  ex¬ 
ample,  the  ion  temperature  T;  can  be  calculated  using 
Eq.  (A7.22). 


Fig.  A7.20:  Measurement  head  with  crossed  single 
probes 


There  are  some  crucial  assumptions  underlying  the 
crossed  probe  method.  To  obtain  the  correct  current 
ratio,  the  surface  area  of  both  probes  must  be  known 
or  assumed  to  be  equal  as  in  the  case  of  Eq.  (A7.22). 
Especially  in  chemically  reacting  air  plasmas,  a  high 
erosion  rate  of  the  perpendicular  electrode  is 
observed,  which  has  to  be  taken  into  account.  Within 
supersonic  flows  like  in  MPG  plasmas,  the  effective 
area  of  the  perpendicular  probe  is  reduced  due  to  a 
shock  effect.  The  errors  are  therefore  quite  large  with 
this  method.  They  are  at  about  ±  50%  of  the  absolute 
value  for  the  ion  temperature  Tj  and  at  about  20%  for 
the  ion  velocity  Vj  based  on  experience  at  the  IRS. 
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A8  Mass  Spectrometer  Probes 

Mass  spectrometry  allows  the  particle  densities  and 
the  energy  distributions  of  the  neutrons  and  ions  in  a 
free  stream  plasma  to  be  determined  and  is  used  to 
determine  the  plasma  flow  composition  [A8.1,  A8.2] 
as  well  as  to  investigate  the  erosion  behavior  [A8.3, 
A8.4]  and  catalytic  effects  [A8.5,  A8.6]  of  heat  shield 
materials  in  the  PWK  plasma  flows. 

The  mass  spectrometer  used  at  the  IRS  is  based  on  a 
VG  Quadrupole  [A8.7]  SXP300/CMA500  and 
consists  of  an  open  electron  impact  ion  source,  a  cy¬ 
lindrical  mirror  energy  analyzer  (CMA,  0-50  eV),  a 
triple  filter  quadrupole  (0  -  300  amu)  and  a  channel- 
tron  (see  Fig.  A8.1).  In  front  of  the  ion  source  an  ion 
transfer  optic  (ITO)  is  installed,  a  small  aperture  lens, 
with  which  external  ions  can  be  focused  into  the 
CMA  while  the  ion  source  is  switched  off.  In  the  case 
where  neutrals  are  detected,  a  reflecting  potential  for 
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positive  ions  is  applied  to  the  ITO  and  the  ion  source 
is  switched  on.  Thus,  mass  scans  at  a  constant  energy 
level  and  energy  scans  at  a  constant  mass  can  be 
carried  out  for  neutral  as  well  as  ionized  plasma 
particles  [A8.8]. 


Fig.  A8.1:  Set-up  of  the  mass  spectrometer 

The  mass  spectrometer  is  situated  inside  the  vacuum 
chamber  of  the  plasma  wind  tunnel  (see  Fig.  A8.2). 
Therefore,  the  whole  spectrometer  is  protected  by  a 
stainless  steel  housing  and  a  water-cooled  copper 
heat  shield  against  the  high  heat  loads  and  the  erosive 
environment.  All  equipment  is  placed  outside  the 
vacuum  chamber,  i.e.  the  electrical  support  is  made 
through  a  flexible  tube  under  atmospheric  pressure 
while  the  vacuum  support  is  done  with  a  CF100 
bellow,  which  also  serves  the  mobility  of  the 
spectrometer. 


Fig.  A8.2:  Mass  spectrometer  probe  in  PWK  1 


One-Stage  System 

The  spectrometer  head  MS-1  is  shown  in  Fig.  A8.3. 
This  one-stage  configuration  is  used  to  determine  the 
plasma  composition  at  low  pressures.  The  orifice 
opening  (diameter  100  |Xm,  length  100  pm)  is  drilled 
into  a  tungsten  plate  (diameter  39  mm,  thickness 
4  mm)  with  an  excimer  laser.  This  plate  is  cooled  by 
a  special  cooling  body.  The  spectrometer  head  is 
electrically  insulated  from  the  rest  of  the  housing, 
thus  the  orifice  is  floatable.  In  case  of  high  pressures 
(>  100  Pa)  a  tungsten  foil  instead  of  the  tungsten 
plate  is  used  yielding  again  a  length  to  diameter  ratio 
for  the  orifice  of  L/d  =  1  for  all  measurements 
(opening  diameter  40  pm).  The  orifice  opening  also 
serves  as  a  one-staged  differential  pumping  system. 


Fig.  A8.3:  Set-up  of  the  spectrometer  head  with 
orifice  opening 

The  ITO  is  placed  32  mm  behind  the  orifice  opening. 
Therefore,  long  paths  inside  the  spectrometer  leading 
to  particle  losses  are  avoided. 

For  calibration  purposes  a  special  test  stand  has  been 
built  at  the  IRS  [A8.9].  The  spectrometer  was 
calibrated  with  neutrals,  external  atoms  and  external 
ions  to  show  the  function  and  accuracy  of  the  CMA 
for  energy  analysis,  the  relative  sensitivities  of  the 
spectrometer  for  different  masses  and  to  demonstrate 
the  influence  of  the  orifice  opening  on  the  sampling 
of  atoms  and  ions  as  well  as  the  influence  of  a  space 
charge  sheath  in  front  of  the  orifice  on  the  measured 
ion  energies  [A8.2]. 

The  CMA  was  shown  to  measure  with  an  error  of 
±  0.5  eV  in  the  relevant  energy  region  of  0  -  50  eV. 
The  normal  fluctuation  of  the  signal  within  an  energy 
scan  of  a  neutral  particle  is  around  10%.  In  contrast  it 
was  observed  that  for  plasma  ions,  which  have  a  very 
high  intensity  (e.g.  N+  with  up  to  106  counts/s),  these 
fluctuations  can  increase  to  20%.  The  mass  resolution 
of  the  quadrupole  is  set  to  Am/m  =  1,  i.e.  neighbored 
masses  like  water  (m  =  17,  18)  can  be  resolved,  but 
not  that  of  certain  molecules  like  N2  and  CO 
(m  =  28).  To  distinguish  between  molecules  with  the 
same  mass  number  and  between  particles  which  were 
produced  inside  the  plasma  and  enter  the 
spectrometer  and  those  which  were  produced  inside 
the  ion  source,  the  particles’  ionization  potentials  can 
be  used  [A8.10].  Therefore,  the  electron  impact 
energy  of  the  ion  source  was  lowered  from  70  eV  to 
17  eV.  Here,  dissociation  of  a  molecule,  e.g.  02,  and 
subsequent  ionization  of  the  fragment,  O,  is  not 
possible.  Thus,  O  atoms  detected  inside  the  plasma 
jet  at  this  electron  energy  can  be  attributed  entirely  to 
the  plasma.  Additionally,  a  reference  spectrum  of  the 
residual  gas  inside  the  spectrometer  can  easily  be 
subtracted  from  the  data  measured  inside  the  plasma 
jet. 

As  a  typical  result,  the  composition  of  a  nitrogen 
plasma  at  a  stagnation  pressure  of  130  Pa  is  shown  in 
Fig.  A8.4. 
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Fig.  A8.4:  Comparison  of  mass  spectrometric  data 
and  results  of  the  numerical  simulation  of  the 
130  Pa  test  case  [A8.6] 

One-stage  configurations  of  different  shapes  were 
used  for  the  investigation  of  catalytic  effects  [A8.6], 
They  allow  operation  at  different  surface  tempera¬ 
tures  and  with  different  coatings  of  the  orifice  region. 
In  Fig.  A8.5  the  distribution  of  nitric  oxide  with 
different  coatings  and  configurations  is  shown  as  an 
example. 

- separated,  uncoated 

- welded,  uncoated 

— o —  welded  AfeOs-coating 
— • —  welded,  Bl-coatlng 


Fig.  A8.5:  Distribution  of  nitric  oxide  with 
different  cooling  heads  and  coatings  in  air  plasma 
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Two-Stage  System 

For  measurements  at  higher  ambient  pressures,  a  two- 
staged  system  MS-II  was  designed  for  pressures  up  to 
1  kPa  [A8.5]  which  is  shown  in  Fig.  A8.6. 


Fig.  A8.6:  Two-stage  mass  spectrometer  inlet 
system 

The  inlet  system  was  built  with  an  additional 
pumping  stage  between  the  tungsten  orifice  and  the 
spectrometer  housing.  With  this  two-stage  design  it 


was  possible  to  increase  the  orifice  diameter  to 
400  pm.  The  second  stage  is  equipped  with  a  nickel 
skimmer  of  100  pm  orifice  diameter  and  a  total 
wedge  angle  of  35°.  Between  the  orifice  and  the 
skimmer  a  pressure  of  0.01  -  1  Pa  is  achieved.  Ac¬ 
cording  to  the  investigation  of  Pertel  [A8.ll],  due  to 
interactions  with  the  residual  gas  molecules,  the 
supersonic  free  jet  generated  from  the  orifice  is  en¬ 
closed  by  a  shock  barrel  at  the  side  and  by  a  normal 
shock  (Mach  disk)  at  the  front  of  the  jet.  To  avoid 
changes  of  the  chemical  composition  of  the  extracted 
plasma  jet,  it  is  absolutely  vital  that  the  tip  of  the 
skimmer  be  placed  at  a  distance  from  the  orifice 
smaller  than  the  distance  of  the  Mach  disk  XM.  Ash- 
kenas  and  Sherman  [A8.12]  showed  that  this  axial 
distance  is  given  by 


For  a  chosen  orifice  diameter  d  and  a  total  pressure  of 
290  Pa,  for  example,  the  equation  above  states  that 
the  orifice  to  skimmer  distance  must  be  less  than 
12  mm.  The  MS-II  configuration  was  used  for 
catalytic  investigations  with  different  orifice  materials 
[A8.6].  In  Fig.  A8.7,  the  ratio  of  NO/N2  is  shown 
with  a  tungsten  and  an  SiC  orifice,  respectively. 


Fig.  A8.7:  NO/N2-ratio  measured  with  a  tungsten 
and  a  SiC-orifice,  respectively 


Configuration  for  Material  Investigation 

The  third  configuration  of  MS-III  (Fig.  A8.8)  was 
built  to  examine  the  erosion  behavior  of  ceramic  heat 
shield  materials.  For  this  purpose,  the  material  sample 
has  to  be  arranged  uncooled  just  in  front  of  the 
spectrometer  orifice  [A8.13,  A8.14],  The  erosion 
products  are  extracted  by  the  same  pinhole  diameters 
as  in  the  MS-I  configuration. 

This  configuration  has  been  used  for  the  on-line 
investigation  of  the  erosion  behavior  of  different 
coatings  as  well  as  for  the  investigation  of  the  pas¬ 
sive/active  transition  of  the  oxidation  of  SiC. 
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As  an  example,  Fig.  A8.9a  shows  the  time  de¬ 
pendence  of  the  ion  percentage  of  mass  28  which 
represents  Si  and  CO  using  a  coated  C/C-SiC  sample. 
The  corresponding  temperature  history  of  the  sample 
is  plotted  in  Fig.  A8.9b.  After  15s  at  a  temperature  of 
about  1400°C,  a  rapid  increase  of  the  signal  can  be 
seen.  A  surface  temperature  of  1670°C  was  reached 
after  30  seconds  when  the  steep  decrease  of  the  signal 
occurs. 


Fig.  A8.9b:  Temperature  history  of  a  coated  C/G 
SiC  sample 


References 

[A8.1]  Schonemann,  A.,  Auweter-Kurtz,  M.,  “Mass 

Spectrometric  Investigation  of  High  Enthalpy  Plasma 
Flows”,  Journal  of  Thermophysics  and  Heat  Transfer, 
Vol.  9,  No.  4,  Oct.-Dec.  1995,  pp.  620-628. 

[A8.2]  Schonemann,  A.,  “Massenspektrometrie  zur 

Untersuchung  lichtbogenbeheizter  Plasmen  in 
Niederdruck-Plasmawindkanal”,  Dissertation, 

Universitat  Stuttgart,  1994. 

[A8.3]  Stockle,  T.,  Winter,  M.,  Auweter-Kurtz,  M„ 
“Simultaneous  Spectroscopic  and  Mass  Spectroscopic 


Investigation  of  Surface  Catalytic  Effects  in  High 
Enthalpy  Gas  Flows”,  AIAA-98-2845,  7th 
AIAA/ASME  Joint  Thermophysics  and  Heat  Transfer 
Conference,  Albuquerque,  NM,  1998. 

[A8.4]  Dabala  P.,  Auweter-Kurtz,  M.,  “Mass  Spectrometric 
Investigations  of  Erosion  Behavior  of  Thermal 
Protection  Materials”,  ESA  2nd  European  Workshop 
on  Thermal  Protection  Systems,  Stuttgart,  Germany, 
October  1995. 

[A8.5]  Stockle,  T.,  Auweter-Kurtz,  M.,  Laure,  S.,  “Material 
Catalysis  in  High  Enthalpy  Air  Flows”,  AIAA-96-1904, 
31st  AlAA  Thermophysics  Conference,  New  Orleans, 
LA,  1996. 

[A8.6]  Schonemann,  A.,  Auweter-Kurtz,  M.,  “Characterization 
of  Nitrogen  and  Air  Plasma  Flows  by  Mass 
Spectrometry”,  ISPC  11,  Proceedings  of  the  11th 
International  Symposium  on  Plasma  Chemistry, 
Loughborough,  UK,  1993,  pp.  458-463. 

[A8.7]  Batey,  J.H.,  “Quadrupole  Gas  Analyzers”,  Vacuum 
37/8,  1987,  pp.  659-668. 

[A8.8]  Schonemann,  A.,  Auweter-Kurtz,  M„  Habiger,  H., 
Sleziona,  C.,  Stockle,  T.,  “Experiment  and  Numerical 
Investigation  of  the  Influence  of  Argon  Used  a 
Protection  Gas  in  a  Reentry  Simulation  Device”,  28th 
Thermophysics  Conference,  AIAA-93-2829,  Orlando, 
FL,  1993. 

[A8.9]  Auweter-Kurtz,  M.,  “MeBverfahren  fur  stromende 
Plasmen”,  IRS-94-M1,  Institut  fur  Raumfahrtsysteme 
der  Universitat  Stuttgart,  1994. 

[A8.10]  Litzow,  M.R.,  Spalding,  T.R.,  “Mass  Spectrometry  of 
Inorganic  and  Organometallic  Compounds”,  Elsevier 
Scientific  Publishing  Co.,  Amsterdam,  1973,  chapter  3. 

[A8.ll]  Pertel,  R.,  “Molecular  Beam  Sampling  of  Dynamic 
Systems”,  Int.  J.  Mass  Spectrom.  Ion  Phys.,  16,  (1975), 
53. 

[A8.12]  Ashkenas,  A.,  Sherman,  F.S.,  “The  Structure  and 
Utilization  of  Supersonic  Free  Jets  in  Low  Density 
Wind  Tunnels”,  4  RGD  84,  1966. 

[A8.13]  Dabala,  P.,  Auweter-Kurtz,  M.,  “Mass  Spectrometric 
Erosion  Measurements  of  Ceramic  Thermal  Protection 
Materials  in  High  Enthalpy  Plasma”,  AIAA-97-2590, 
32nd  Thermophysics  Conference,  Atlanta,  GA,  1997. 

[A8.14]  Dabala,  P.,  Auweter-Kurtz,  M.,  “Investigation  of  the 
Erosion  Behavior  of  Graphite  and  Silicon  Carbide  by 
Mass  Spectrometry”,  12th  International  Symposium  on 
Plasma  Chemistry,  Minneapolis,  MN,  1995. 


A9  Radiometer  Probe 


Radiometer  probes  are  mainly  used  to  determine  the 
radiation  heat  flux.  By  using  appropriate  filters, 
however,  conclusions  about  the  gas  composition  can 
also  be  made.  The  radiation  intensity  of  the  plasma 
rises  with  the  fourth  power  of  the  gas  temperature 
when  only  the  continuum  part  of  the  plasma  radiation 
is  taken  into  account.  The  following  is  approximately 
valid  for  the  radiation  heat  flux.  Whereby  the  degree 
of  emission  of  the  plasma  can  be  smaller  than  that  of 
the  thermal  protection  material  depending  on  the 
plasma  condition: 


P  np4 

Eradiation  ~  ^plasma  ^-plasma 


-e 


T4 

wall  wall 


(A9.1) 
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At  plasma  temperatures  of  10000  K  and  higher  and  at 
pressures  of  up  to  10  kPa,  the  radiation  heat  flux  can 
generally  no  longer  be  neglected  and  reaches  the 
same  order  of  magnitude  as  the  convective  part. 
Figure  A9.1  shows,  for  example,  calculated  heat 
fluxes  for  the  entry  of  the  Huygens  probe  into  the 
atmosphere  of  the  Saturn  moon  Titan. 


Fig.  A9.1:  Calculated  heat  fluxes  for  the  entry  of 
the  Huygens  probe  into  the  N2/Ar/CH4 
atmosphere  of  the  Saturn  moon  Titan  (without 
catalytic  effects) 

In  ground  test  facilities  a  detector  can  be  placed 
perpendicular  to  the  plasma  beam  or  to  the  shock 
front  to  measure  the  radiation  heat  fluxes.  The 
measurement  devices  are  then  located  outside  of  the 
evacuated  test  chamber  and  the  optics  are  focused  on 
the  test  point  through  windows  or  light  wave  con¬ 
ductors.  This  stipulates  long  distances  to  the  meas¬ 
urement  position  along  which  radiation  can  be  ab¬ 
sorbed  and  the  measurable  wavelength  region  re¬ 
mains  limited  to  the  transmission  area  of  the  windows 
or  the  light  wave  conductors. 

The  more  direct  way  is  to  place  the  radiometer  in  a 
probe  which  is  directly  exposed  to  the  plasma.  For 
this  purpose  a  radiometer  probe,  shown  in  Fig.  A9.2, 
was  developed  at  the  IRS.  Various  glass  shields,  fil¬ 
ters  and  detectors  can  still  be  used  as  indicated  in  Fig. 
A9.2. 


quartz  window  filter  detector 


Fig.  A9.2:  Radiometer  probe  with  dismountable 
quartz  window  and  filter 

Adding  filters  and  lenses  to  protect  the  detector  is 
possible.  However,  they  greatly  limit  the  usable  spec¬ 
tral  region  as  seen  in  Fig.  A9.3.  The  goal,  however, 
of  radiometric  measurements  is  to  cover  the  entire 
radiation  which  appears. 


However,  the  detectors  may  not  touch  the  plasma  be¬ 
cause  they  can  be  damaged  by  the  heat.  This  can  be 
avoided  by  mounting  the  detector  deep  inside  the 
cooled  probe  body.  The  radiation  reaches  the  detector 
through  an  optical  tunnel.  Here  a  cold,  stationary  gas 
column  forms  because  the  detector  completely  closes 
off  the  end  of  the  tunnel. 

However,  this  method  clearly  narrows  the  visible 
solid  angle.  In  order  to  get  the  entire  radiation  on  the 
front  side  of  the  sample,  the  probe  has  to  be  rotated  in 
the  beam  while  being  measured  so  that  the  complete 
solid  angle  is  covered.  A  hemispherical  numerical 
integration  results  then  in  the  demanded  radiation 
heat  flux  at  the  front  opening  of  the  radiometer 
[A9.1], 

The  detector  and  where  applicable  the  filters  and 
lenses  must  be  suited  to  the  task.  Special  attention 
must  be  paid  to  the  choice  of  the  detector.  After  that 
the  most  important  characteristics  are  compiled. 

The  signal-noise  ratio  and  the  noise  equivalent  power 
(NEP)  are  used  to  assess  and  compare  detectors. 

The  signal-noise  ratio  is  the  ratio  between  the  output 
signal  of  a  detector  and  the  superordinated  noise.  It 
describes  the  maximum  possible  exactness  of  a 
measurement.  With  a  signal-noise  ratio  of  100:1,  the 
exactness  of  the  measurement  can  in  no  case  be  better 
than  1  %. 

In  a  radiometric  detector  the  NEP  indicates  the 
radiation  power  which  has  to  reach  the  detector  in 
order  to  create  a  signal-noise  ratio  of  1.  NEP  is  also 
the  smallest  measurable  power  which  reaches  the  de¬ 
tector.  The  following  applies: 


a/ep  =  4 
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Here  Ip  is  the  noise  voltage  or  the  noise  current  of  the 
detector  and  S  is  the  total  sensitivity.  Because  S 
depends  on  the  relative  spectral  intensity  distribution 
of  the  radiation  source,  when  comparing  various  NEP 
values  it  must  be  taken  into  account  that  they  were 
recorded  with  the  same  radiation  source  under  the 
same  conditions.  Usually  a  black  radiator  with  a 
temperature  of  500  K  is  used. 

Additional  important  characteristics  are: 


Linearity 

The  linearity  is  one  of  the  most  important  speci¬ 
fications  of  a  detector  for  radiometric  measurements. 
Linearity  exists  when  in  a  certain  range  the  output 
signal  of  a  detector  is  exactly  proportional  to  the  in¬ 
coming  radiation  or  when  the  sensitivity  of  the  de¬ 
tector  does  not  depend  on  the  incoming  power. 

Time  constant 

The  time  constant  x  of  a  detector  reports  the  time  that 
the  detector  signal  requires  to  reach  63%  of  the  final 
value  after  constant  radiated  power  suddenly  appears 
on  the  detector. 
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Total  sensitivity  of  a  detector 

The  total  sensitivity  of  a  detector  is  the  ratio  between 
the  detector  output  signal  /  and  the  total  incoming 
radiated  power  O  in  a  certain  wavelength  region.  It  is 
a  function  of  the  detector,  the  radiation  source  and 
the  transmission  from  windows  and  filters  on  the 
optical  axis  of  the  measurement  arrangement.  A 
certain  detector  has  a  different  total  sensitivity  for 
each  radiation  source: 

)o6/a(A)Sa(A>(A)£/A 

s  =  ±=* - 5 -  (A9.3) 
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with: 

\h  X2  =  lower  or  upper  boundary  wavelength 
S  =  total  sensitivity 

/  =  detector  output  signal 

d>  =  total  incoming  radiation 

<i>dx(X)  =  absolute  spectral  intensity  distribution 

of  the  radiation  source 

Sx  (A)  =  spectral  sensitivity,  known  from  the 

calibration 

x(X.)  =  transmission  from  windows  and  filters 

Instead  of  the  absolute  spectral  intensity  distribution 
<t>e/x(X)  the  relative  or  normalized  spectral  intensity 
distribution  can  be  used: 


'  (A94) 

A o  is  here  the  normalized  wavelength. 

The  radiation  heat  flux  onto  a  detector  surface  A  can 
be  calculated  as: 

Qstrahlung  =  .  (A9.5) 

If  in  addition  the  measurement  arrangement  is 
divided  by  the  visible  solid  angle,  one  obtains  the 
radiation  heat  flux  in  [W/(m2sr)]. 

Figure  A9.3  shows  several  profiles  of  the  radiation 
heat  flux  perpendicular  to  the  beam  axis  at  various 
N2/CH4  plasma  combinations  used  to  simulate  the 
entry  of  the  Huygens  probe  into  Titan’s  atmosphere. 


Y-Position  [mm] 


Fig.  A9.3:  Radial  profiles  of  various  N2/CH4- 
plasmas  with  and  without  a  protective  window  at 
a  distance  of  412  mm  to  the  plasma  generator 
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B  Non-Intrusive  Measurement 
Techniques 

Most  of  the  optical  measurement  techniques  are  non- 
intrusive  techniques.  The  pyrometer  commonly  used 
for  surface  temperature  measurements  in  plasma  wind 
tunnels,  the  emission  spectrometry  and  Fabry-Perot 
interferometry  clearly  meet  this  criterion.  Emission 
spectroscopy  enables  identification  of  the  heavy  par¬ 
ticles  in  the  plasma  and  the  determination  of  their 
temperatures.  Furthermore,  it  has  the  potential  to  be 
used  for  density  measurements.  Fabry-Perot  interfero¬ 
metry  can  be  used  to  determine  the  plasma  velocity 
and  the  kinetic  temperature  of  the  heavy  particles. 

All  measurement  techniques  which  are  based  on  the 
investigation  of  the  plasma  reaction  to  light  intensity 
radiated  into  the  plasma  technically  do  not  belong  to 
the  non-intrusive  techniques;  they  may  locally  change 
the  plasma  state  and  possibly  its  composition. 
However,  they  are  generally  included  in  this 
category.  Absorption  spectroscopy,  laser  induced 
fluorescence  and  Raman  spectroscopy  belong  to  this 
group.  These  methods  can  all  be  used  to  identify  the 
particles  as  well  as  to  determine  particle  densities  and 
velocities.  Another  laser  based  technique  is 
Thompson  Scattering  from  which  temperature  and 
density  of  the  free  electrons  can  be  derived. 


B1  Pyrometry 

Determining  the  surface  temperature  of  heat  shield 
materials  is  of  particular  interest  for  the  development 
as  well  as  for  the  qualification  of  these  materials.  The 
erosion  and  ablation  behavior  are  very  sensitive  to  the 
surface  temperature  within  the  regarded  temperature 
range.  Temperature  measurements  during  the  re-entry 
itself  give  information  about  the  material 
characteristics  and  the  re-entry  conditions 
representing  the  test  conditions  which  should  be  used 
in  ground  test  facilities. 

Due  to  the  sufficient  thickness  of  the  ablation  materi¬ 
als  and  their  low  heat  conductivity,  thermo  couples 
can  be  mounted  at  different  material  depths.  The 
surface  temperature,  the  heat  flux  and  the  time- 
dependent  erosion  can  be  determined  in  this  way 
[B  1.1]. 

The  situation  is  different  if  fiber  ceramic  materials 
are  used.  Due  to  the  wall  thinness  (between  0.5  up  to 
only  a  few  millimeters)  and  the  high  temperatures 
(between  1000  and  3000  K)  the  thermo  couples 
cannot  be  embedded  correctly  without  a  risk  of 
damaging  the  material.  Even  during  the  material 
production,  the  temperature  rises  over  the  bearable 
temperature  of  the  thermocouples.  If  the  thermo- 
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couples  are  mounted  on  the  back  side  of  the  heat 
shield  material,  the  measurement  is  adulterated  and 
the  material  can  be  damaged  by  carbonization  caused 
by  the  thermo  couples.  Therefore  for  fiber  ceramic 
materials,  a  non  intrusive  measurement  technique 
using  a  pyrometer  remains  as  single  solution. 


Bl.l  Theoretical  Basics 


Each  body  with  a  surface  temperature  above  absolute 
zero  emits  electro-magnetic  radiation.  Measurement 
instruments  that  determine  the  surface  temperature 
from  this  thermal  radiation  are  called  radiation 
thermometers  or  pyrometers.  The  observed 
wavelength  region  reaches  from  Iff7  to  10'5  m,  which 
also  covers  the  narrow  region  of  visible  light. 

The  basic  quantities  are  the  radiant  energy  flux  <j> 
given  by  the  emitted  energy  dW  during  the  time  dt 


* 


dW 

dt 


(Bl.l) 


and  the  radiant  exitance  M  which  describes  the 
radiation  that  is  emitted  by  the  surface  element  dA 
into  a  solid  angle  of  271: 

(B1.2) 

dA 

If  the  radiant  exitance  is  observed  at  a  single 
wavelength  spectral  radiant  exitance  M\  is  obtained 
which  can  be  calculated  using  Planck's  law: 

lnc2h 

(B1.3) 


Iff,,  =- 
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h:  Planck’s  constant  (6.6256- 10'34  Js) 
c:  Speed  of  light  in  vacuum  (2.9979  108  m/s) 


The  integration  of  M xs  of  a  black  body  over  all 
wavelengths  yields,  according  to  the  Stefan  Boltz¬ 
mann  law,  the  radiant  exitance  of  a  black  body  Ms 


(B1.4) 

Ms  =  j"  MxsdA,  =  (j  / 

a:  Stefan  Boltzmann  constant  (5.669- Iff8  Wm'2K‘4) 
The  emissivity  £  is  the  ratio  of  the  radiant  exitance  M 
of  any  given  radiator  and  the  radiant  exitance  of  a 
black  body. 


e  = 


iff 

iff. 


(B1.5) 


which  depends  on  the  temperature,  the  material  itself 
and  the  condition  on  the  surface  such  as  roughness. 
Accordingly,  the  spectral  emissivity  e(k,7)  is  defined: 


e(A,T) 


M(X,T) 

Ms(A,T) 


(B1.6) 


If  the  emissivity  does  not  depend  on  T  or  X,  the 
emitting  surface  is  called  a  gray  body.  Although  gray 
bodies  do  not  exist  in  reality,  the  assumption  of  a 
gray  body  gives  a  good  approach  for  most  real 
bodies. 

While  the  integration  of  the  spectral  radiation  over 
the  total  wavelength  regime  yields  the  Stefan 


Boltzmann  law  the  first  derivation  gives  the 
wavelength  Xmax,  which  defines  the  wavelength 
where  the  emitted  spectral  radiation  at  a  given 
temperature  T reaches  its  maximum  value. 

Wien's  Law  is  obtained: 

2max=^-10-6[m]  (B1.7) 

Figure  Bl.l  shows  the  spectral  radiant  exitance  of  a 
black  body  for  different  temperatures  within  the 
important  wavelength  region.  If  a  non  black  body  is 
observed,  the  spectral  radiant  exitance  has  to  be 
reduced  according  to  the  spectral  emissivity  of  the 
surface. 


0,4  0,81 

^ _ wavelength  X  {ftm] 

ultraviolet  infrared 

V" ' 

thermal  radiation 

Fig.  Bl.l:  Spectral  radiant  exitance  of  a  black 
body 

The  above  mentioned  radiation  laws  already  show  the 
main  problems  of  radiation  thermometry: 

-  According  to  the  Stefan  Boltzmann  law,  the 
thermally  emitted  radiation  remarkably  decreases 
(proportional  to  T4)  with  decreasing  temperature. 

-  At  low  temperatures,  the  maximum  of  radiation  is 
shifted  to  high  wavelengths  where  disturbing 
influences  on  the  measurement  become  high. 

-  The  spectral  emissivity  of  non  black  bodies 
depends  not  only  on  temperature  and  wavelength  but 
also  on  the  material  itself  and  the  surface  structure 
(mainly  the  surface  roughness)  in  an  often  not  well- 
known  matter. 

-  Besides  the  radiation  emitted  by  the  observed 
surface,  disturbing  radiation  of  reflected  or 
transmitted  radiation  emitted  by  other  radiators  can 
influence  the  measurement. 


If  radiation  interacts  with  a  surface,  reflection, 
absorption  and  emission  occur.  The  ratios  of  absor¬ 
bed,  transmitted  and  reflected  radiant  energy  fluxes  to 
the  incoming  radiant  energy  flux  are  defined  as: 


absorptance  transmittance  reflectance 


According  to  the  above-mentioned  definitions,  the 
word  spectral  is  added  if  these  quantities  refer  to 
monochromatic  radiation. 


2B-29 


■  ^frx,a 
<frx 


<frx.fr  . 

<frx 


(B1.9) 


They  are  functions  of  the  wavelength  and  depend  on 
the  material,  its  surface  structure  and  the  temperature. 
They  are  coupled  by  the  relation 
a+T  +  p  =  l  a(>.)+T(X)+ p(X)=  1  (B  1.10) 


Additionally,  according  to  Kirchhojf  the  emissivity  is 
equal  to  the  absorptance  for  all  bodies: 

e(T,X)  =  a(T,X)  (Bl.ll) 

A  black  body  will  absorb  all  incoming  radiation  and 
has  therefore  an  absorptance  and  due  to  equation 
(Bl.ll)  also  an  emissivity  of  1. 


A  monochromatic  radiation  thermometer  measures 
only  radiation  within  a  narrow  wavelength  region  (in 
effect  at  one  wavelength),  a  spectral-band  radiation 
thermometer  measures  within  a  much  broader 
wavelength  region  while  a  wideband  radiation 
thermometer  (sometimes  also  called  total  radiation 
thermometer )  is  able  to  detect  more  than  90  %  of  the 
emitted  radiation  by  choosing  suitable  optics  and 
detectors. 

The  radiation  ratio  thermometer  compares  the 
spectral  distribution  of  the  measured  radiation  with 
that  of  a  black  body.  The  best  known  type  is  the  two 
color  pyrometer,  which  uses  the  ratio  of  two  spectral 
radiances  measured  at  different  wavelengths  to 
determine  the  true  temperature. 


B1.2  Measurement  Principle 


To  determine  the  surface  temperature  the  radiant 
energy  flux  emitted  by  the  surface  Aj  and  received  by 
A2  has  to  be  determined  (see  Fig.  B1.2).  The  surface 
A;  does  not  cover  the  solid  angle  of  2k,  so  only  a  part 
of  the  radiant  exitance  M  (or  M\,  respectively)  is 
received.  This  part  is  given  by: 

A*) 


L  =  - 


dM 


d\ |> 


(B1.12) 


dQcosfr  (fQcosfl  dA/lQcosi} 

L  is  the  radiance  in  the  dimension  Wm'2sr'\  In  Fig. 
B1.3  A;  is  the  radiating  surface  which  emits  a 
radiance  of  L,  and  A2  the  receiving  area  which  is 
represented  by  the  measurement  array  of  the 
pyrometer,  which  transfers  the  measured  radiance 
into  an  electrical  signal.  According  to  the  radiation 
laws  and  due  to  the  geometrical  relations  given  by  Ah 
A2,  a  and  b,  the  radiant  energy  flux  <pli2  in  the 
dimension  of  Wsr'1  is  given  by: 

(B  1.13) 

a * 


>U  =  M2 


Normally,  area  Aj  is  given  by  an  iris  which  is  part  of 
the  optical  path  inside  the  pyrometer.  The  values  A2, 
As  and  a  are  hardware  parameters  of  the  pyrometer 
and  remain  constant  within  the  measurement. 
Therefore,  the  measured  signal  becomes  independent 
of  the  distance  to  the  measured  surface  b  and  is  a 
function  of  constructive  parameters  of  the  pyrometer 
and  of  the  radiance  L 7  emitted  by  the  measured 
surface.  Often  a  lens  system  which  also  acts  like  an 
iris  is  added  to  the  optical  setup  to  measure  small 
areas  in  large  distances  to  the  pyrometer.  According 
to  the  optical  laws,  the  independence  of  the  measured 
signal  from  the  distance  to  the  measured  object 
remains  valid. 

Usually  imaging  factors  between  10  and  100  are  used 
which  means  that  the  measured  spot  on  a  surface  at  a 
distance  of  1  m  has  a  diameter  of  10  cm  or  1  cm. 

With  linear  pyrometers,  the  measured  signal  is 
proportional  to  the  radiance  seen  by  the  pyrometer 
and  therefore  also  to  that  emitted  by  the  measured 
surface.  There  are  several  classes  of  pyrometers 
which  differ  mainly  in  the  evaluation  of  the  measured 
signals  [Bl.l], 


Fig.  B1.3:  Measurement  principle  of  a  pyrometer 

To  obtain  temperature  distributions  on  the  surface  of 
a  sample,  an  image  can  be  taken  using  a  CID-camera. 
The  same  measurement  method  was  used  to 
determine  the  temperature  distribution  on  the  surface 
of  the  cathode  of  a  MPD  plasma  generator  [B1.2], 
Similar  to  normal  pyrometric  measurements,  the 
radiation  emitted  by  a  probe  body  is  detected  and 
evaluated.  The  main  difference  is  the  measurement  of 
a  whole  array  of  detector  elements  which  offers,  in 
combination  with  different  lens  systems,  a  wide  range 
of  spatial  variations. 

With  the  camera,  a  kind  of  black  and  white  image  is 
obtained  and  read  into  a  computer  using  a  video 
adapter.  The  typical  dynamic  resolution  of  8  bit 
offers  different  gray  values  from  0  (black)  up  to  255 
(white).  The  spectral  sensitivity  of  the  detector 
elements  limits  the  usable  wavelength  range  from  the 
visible  up  to  the  close  infrared  where  it  is  possible  to 
limit  the  radiation  with  suitable  wavelength  filters  to 
enable  a  temperature  determination.  For  this  purpose, 
the  camera  has  to  be  calibrated  by  a  measurement  of 
a  black  body  radiator  at  different  temperatures.  So, 
different  gray-levels  can  be  transferred  into 
temperature  values. 
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B1.3  Determination  of  the  True 
Temperature 

The  measured  radiant  energy  flux  <|>m  is  a  combination 
of  the  desired  radiation  <f>(,  emitted  by  the  surface  of 
the  object  of  interest,  of  radiation  which  originates 
from  the  surrounding  walls  <j)j  and  is  partly  reflected 
at  the  surface  and  partly  transmitted  by  the  body  as 
shown  in  Fig.  B1.4. 

object  pyrometer 


Fig.  B1.4:  Experimental  setup 


can  be  written  as  the  radiation  of  a  black  body  <)>„, 
at  the  same  temperature  reduced  by  the  emissivity  e 
of  the  measured  surface.  The  disturbing  radiation  of 
the  surroundings  <f>.t  is  to  be  multiplied  with  the 
factors  p  and  x  to  obtain  the  reflected  and  the 
transmitted  radiation,  respectively.  For  the  measured 
radiant  energy  flux  the  equation 

<t>m  =E<1>IV  +P<l>s+Wt>S  (B  1.14) 

is  valid.  According  to  equation  (B 1 .10),  the  sum  of 
emissivity,  reflectivity  and  transmission  has  to  be  1. 
Thus  follows: 

=e<J>vv  +(7-e)<I>s  (B  1.15) 

According  to  equations  (B1.3),  (B1.4)  and  (B  1.12) 
radiances  can  be  calculated  from  the  radiant  energy 
fluxes  and  so,  between  the  radiance  Lm  and  the 
temperature  Tm  the  relation 

L  _?J  2nc2hR(X)dX  (B1  16) 

x,ft07t;k5[exp(i^)-l] 

can  be  obtained.  R(X)  is  the  relative  spectral 
sensitivity  of  all  optical  components  of  the  setup  and 
can  be  regarded  as  remaining  constant  between  A,i 
and  X^. 

Substituting  the  radiant  energy  fluxes  with  the 
radiation  densities  and  assuming  black  body  radiation 
for  the  wall  emission  to  allow  the  usage  of  Planck’s 
Law,  one  gets  for  a  monochromatic  radiation 
thermometer  an  equation  to  determine  the  true 
temperature  Tw  for  a  measured  temperature  Tm : 


ln[exp(-^  Tm )  -  (1  -  e )  exp(-  $  Ts )]  +  £  In  e 

(B1.17) 

The  same  procedure  for  a  called  total  radiation 
thermometer  yields: 

T.^\ /‘-('-Oftf  <BU8> 

In  reality,  the  temperature  of  the  surrounding  Ts  is 
often  clearly  below  the  temperature  which  should  be 
measured. 

In  this  case,  the  equations  can  be  simplified  to: 


Tw  = 


T„  T  cl,  JUt 


and 


Tw  = 


Ll 

VF 


(B  1.19) 


Obviously,  the  agreement  between  the  displayed 
temperature  Tm  with  the  true  temperature  Tw  is  better 
the  lower  the  wavelength  used  for  the  measurement 
and  the  closer  the  emissivity  is  to  1.  Generally,  the 
displayed  temperature  is  lower  than  the  true 
temperature.  Furthermore,  the  influence  of  the 
emissivity  becomes  weaker  with  a  decreasing 
difference  between  the  temperatures  of  the 
measurement  object  itself  and  the  surroundings. 

With  a  spectral-band  pyrometer  the  same  equations 
as  with  a  monochromatic  radiation  thermometer  are 
valid  if  X  is  replaced  by  a  characteristic  wavelength  at 
which  the  main  part  of  the  radiation  is  measured. 

One  important  uncertainty  is  a  result  of  requiring  the 
emissivity  to  determine  the  temperature  (see  Fig. 
B1.5).  One  certain  exception  is  given  by  the  two 
color  pyrometer.  With  this  instrument,  the  ratio  of  the 
spectral  radiation  densities  at  two  different 
wavelengths  Xj  and  X2  is  determined.  The  measured 
signal  can  be  written  as: 

5  _  '•  j  '*•'  -fr  i  (B1.20) 

Aji2  ^2^V2  +(l“  £2)  As2 

Figure  B 1 .5  shows  the  spectral  radiation  densities  Lm, 
and  Lm2  at  the  wavelengths  and  X2.  Similar  to  the 
total  radiation  thermometer  Tm  is  determined  from 
Sm.  two  color  pyrometers  are  used  when  Tm  »TS. 
Under  this  assumption,  the  true  temperature  can  be 
calculated  from: 


J _ k  ^i-4|n£i  (B 1 .21) 

Tm  he  A-|  A?  £2 


Under  the  assumption  of  a  common  emissivity  at  both 
wavelengths,  the  above  equation  can  be  reduced  to 
Tw  =  Tm,  which  means  that  the  measured  temperature 
equals  the  true  temperature  with  no  need  for  any 
information  about  the  quantitative  value  of  the 
emissivity. 

In  reality,  this  assumption  is  rarely  valid.  Especially 
with  metallic  surfaces,  e  decreases  with  a  rising 
wavelength  (see  table  Bl.l).  With  ceramic  materials, 
the  situation  is  worse  because  often  not  even  a  steady 
function  of  the  wavelength  can  be  given.  The 
measured  temperature  is  too  high  and  Tm  has  to  be 
corrected  according  to  equation  (B 1 .22)  to  obtain  Tw- 
Again,  this  requires  the  knowledge  of  at  least  the 
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qualitative  course  of  the  emissivity  with  a  rising 
wavelength. 

The  possibility  that  the  measured  temperature  can  be 
higher  than  the  true  temperature  is  significant  for 
radiation  ratio  thermometer  because  linear 
pyrometers  typically  show  a  temperature  lower  than 
the  true  temperature. 


B1.4  Emissivity 

As  shown  in  the  previous  section,  the  temperature 
measurement  with  pyrometers  can  only  be  correct  if 
the  emissivity  of  the  surface  is  known,  e  depends  on 
many  different  factors  such  as  wavelength, 
temperature  and  surface  structure  and  has  to  be 
determined  experimentally.  For  this  purpose,  a  hole  is 
drilled  into  a  probe  body  and  the  true  temperature  is 
determined  using  thermo  couples.  The  emissivity  can 
be  determined  by  a  comparison  with  for  example  a 
pyrometrically  measured  temperature.  Table  Bl.l 
shows  the  emissivity  of  different  metals. 

Ceramic  materials  also  show  a  wavelength  dependent 
emissivity.  Exemplarily,  the  e(A.)-distribution  of 
silicon  carbide  (SiC)  at  different  temperatures  is 
shown  in  Fig.  B1.6. 


Fig.  B1.6:  Emissivity  of  SiC  as  a  function  of 
wavelength  and  temperature 

Uncertainties  in  determining  the  emissivity  cause 
errors  in  the  transformation  of  the  measured 
temperature  into  the  true  temperature  which  can  rise 
up  to  some  hundred  K.  Figure  B1.7  shows  the 
difference  AT  of  a  temperature  Tm  determined  by  a 
spectral  pyrometer  and  the  true  temperature  Tw  for 
different  emissivities  at  a  wavelength  of  X  =  0.65  nm. 


Fig.  B1.7:  Difference  between  measured  and  true 
temperature  for  various  emissivities 


B1.5  Calibration  Procedure 

For  calibration  purposes  a  black  body  source  is 
available  at  the  IRS.  The  source  which  is  shown  in 
Fig.  B.1.8  consists  of  an  electrically  heated  graphite 
radiator  with  a  cylindrical  cavity.  To  approximate  the 
black  body,  the  cavity  has  a  large  length-to-diameter 
ratio  and  the  cavity  walls  are  designed  to  maintain  an 
isothermal  profile.  This  temperature  uniformity  is 
achieved  by  a  variable  heat  source  distribution  which 
is  realized  by  varying  the  cavity  wall  thickness.  The 
outline  of  the  graphite  rod  was  therefore  calculated 
using  a  numerical  procedure  [B1.3]. 

|  Cooling  water  j,  I  Arpon  1 - , 


Fig.  B1.8:  Schematic  view  of  the  IRS  black  body 


In  order  to  provide  high  accuracy,  three  different 
geometries  for  three  different  temperature  ranges  are 
available.  The  black  body's  second  radiation  outlet  is 
used  for  the  calibration  of  pyrometers.  The  black 
body's  temperature  is  varied  using  the  control 
pyrometer;  temperature  and  photo  current  are 
measured  simultaneously.  Figure  B.1.9  shows  a 
typical  result  of  such  a  calibration  measurement  for 
the  system  (see  part  C). 


E~  '  ,  - 

*.*-»•  mmm . . I 

£  at  &  «~$40=rim  1 

iron 

1300/1600/2000 

......  ; 

0.39/0.37/0.35 

gold 

1000/1300/1600 

0.41/0.44/0.40 

0.11/0.16/0.21 

copper 

1000/1300/ 1600 

; ;  0.40/0.40/0.38  ; 

0.11/0.11/0.15 

molybdenum 

1000/ 1500/2000 

0.44/0.42/0.41 

0.39 .'  0.38  /  0.36 

nickel 

1000/  1300/  1600 

0.42/0.42/0.42  , 

0.38  /  0.38  /  0.38 

platinum 

1000/1300/ 1600 

0.32  /  0.32  /  0.33 

.  0.29/0.30/0.30 

Table  Bl.l:  Spectral  emissivity  of  different  metals 
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temperature  [°C1 

Fig.  B1.9:  PYREX-LD  photo  current  vs.  black 
body  temperature 

A  photo  current  line  versus  the  measured  temperature 
is  obtained.  This  photo  current  calibration  curve  is 
then  used  to  calculate  the  temperature  data.  Within 
each  of  the  four  measuring  ranges,  the  photo  current 
signal  is  linear  to  the  temperature  with  the  measured 
radiance  of  the  material  as  the  only  necessary  input 
signal.  The  advantage  of  this  linearity  is  that  any 
disturbances  as  well  as  changes  of  the  emission  coef¬ 
ficient  £  can  be  taken  into  account  by  reprocessing 
the  temperature  data. 

B1.6  Pyrometers  for  Plasma 
Wind  Tunnel  Applications 

The  pyrometers  in  use  at  the  IRS  are  listed  in  Table 
B1.2.  The  measurement  head  TMR85L  is  used  for 
investigations  of  cathodes  for  the  plasma  devices.  All 
other  pyrometers  are  used  in  the  plasma  wind  tunnels 
for  material  testing.  Furthermore,  the  measurement 
head  TMR95  is  used  for  investigations  at  compara¬ 
tively  low  temperatures  between  150  °C  and  650  °C. 
With  the  TMR105  the  pyrometrical  determination  of 
surface  temperatures  of  materials  with  high  trans¬ 
mittance  in  the  visible  wavelength  range  such  as  Si02 
is  possible. 

The  first  five  instruments  in  Table  B1.2  show  a  non¬ 
linear  characteristic.  The  main  disadvantage  can  be 
seen  in  the  difficulty  to  extract  influences  of  disturb¬ 
ing  radiation  such  as  reflected  cathode  radiation  or 
plasma  emission  from  the  measured  signal.  Gener¬ 
ally,  it  is  almost  impossible  to  perform  such  an  ex¬ 
traction  if  some  of  the  influences  show  up 


after  the  measurement  or  if  a  quantization  of  these 
effects  is  only  possible  afterwards.  Also  a  wrong 
emissivity  or  a  change  in  emissivity  during  the  test 
can  hardly  be  covered  by  these  instruments. 

The  results  of  linear  pyrometers  as  the  better  choice 
in  this  case  can  also  be  corrected  after  the  measure¬ 
ment  due  to  the  direct  proportionality  of  the  measured 
signal  to  the  spectral  radiance.  Thus,  the  linear  py¬ 
rometer  LP2-80/20  [B1.4]  as  shown  in  Fig.  B.1.10 
was  optimized  for  the  application  to  problems  within 
the  plasma  wind  tunnel  investigations  [B1.5],  One 
feature  is  the  possibility  to  use  different  filter 
combinations  with  respect  to  the  plasma  radiation. 


Fig.  B1.10:  The  linear  pyrometer  LP2-80/20 


Based  on  the  good  results  obtained  with  the  LP2- 
80/20,  a  miniaturized  linear  pyrometer  called  MP1 
was  designed  and  qualified  at  the  IRS  [B1.5],  This 
pyrometer  is  integrated  into  the  sample  support  sys¬ 
tem  as  shown  in  Fig.  Bl.ll.  On  the  back  of  the 
sample,  the  temperature  measurement  is  neither 
influenced  by  the  plasma  jet  nor  by  possible  changes 
in  emissivity  on  the  front  during  the  test.  The 
PYREX-pyrometer  which  is  described  in  part  C  is  a 
flight  version  of  the  MP1  [B1.6], 


measured  spot  optics  Peltier  elements 


Fig.  Bl.  11:  Miniaturized  pyrometer  MP1 


1  1)  spectral  band  pyrometers  h  1 

TMR85EA 

■900  nm 

|  610-3050 

*  cathodes  of  electrical  thrusters 

TMR95EA 

1:5-2. 6  pm 

p  5  p 

"  material  tests  in  the  PWK 
electrode  investigation  with  electrical  thrusters 

TMR105 

BiMgHl'.lMtWiBfl 

material  tests  in  the  PWK 

TMR85H 

900  nm 

KHHKSHKI 

.2 . 

1  .  2)  linear  pyrometers  ,  .  .  .  | 

I.P2-80/20 

9  diff. 

.  wavelengths’ 
560  -  960  nm 

800-3000 

:  ■■ :  ■ 

precision  measurements  ,  ' 

|  i  N  *  *  ✓  £  &  ^  ^  2 

MP1  : 

630  nm 

PYREX 

630  nm 

material  tests  in  the  PWK  /  reentry  experiments  Ifflj] 

3)  CID  camera  :  . 

OU)  |  1  -  |  1000-3400  I  surface  temperature  distributions 

Table  B1.2:  Various  pyrometers  at  the  IRS 
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B2  Emission  Spectroscopy 

Emission  spectroscopy  is  based  on  the  analysis  of  the 
radiation  which  is  emitted  by  the  investigated 
medium  and  evaluates  the  spectral  distribution  of  the 
obtained  radiation.  Thus,  information  about  the 
qualitative  and  quantitative  chemical  composition  and 
about  different  thermodynamic  quantities  can  be 
acquired. 


B2.1  Theoretical  Basics 

In  gases  and  plasmas  at  low  pressures  which  are 
excited  to  emit  light,  the  emission  is  mainly  caused 
by  single  atoms  and  molecules.  Thus,  the  properties 
of  the  emitted  radiation  allow  conclusions  to  be 
drawn  about  the  emitting  particles.  In  this  case, 
radiation  occurs  mainly  at  single  discrete  wavelengths 
as  so-called  spectral  lines.  The  number  of  lines  for 
molecules  of  one  species  normally  outnumbers  the 
number  of  lines  caused  by  a  certain  atom.  The 
resulting  intensity  distribution  as  a  function  of  the 
wavelength  is  called  emission  spectrum. 

There  are  several  possibilities  to  excite  atoms  and 
molecules  to  emit  radiation: 


•  In  flames,  light  arcs  and  sparks,  the  atoms  are 
excited  by  collisions  due  to  their  high  thermal 
energy. 

•  In  discharges,  the  excitation  is  caused  by 
collisions  with  electrons  and  ions  which 
possess  high  kinetic  energy  due  to  acceleration 
processes  within  an  electric  field. 

•  Excitation  induced  by  radiation  at  short 
wavelengths  such  as  UV  or  Rontgen-radiation. 

For  the  first  two  reasons,  the  plasma  jet  within  a 
plasma  wind  tunnel  is  already  excited  which  makes 
emission  spectroscopic  methods  easily  applicable. 


B2.1.1  Discrete  Energy  Levels  of  Atoms 

This  section  gives  an  overview  of  the  basic  processes 
for  the  excitation  of  atoms.  More  detailed  information 
is  given  in  [B2.1,  B2.2].  The  emission  and  absorption 
at  single  lines  is  explained  by  the  model  of  Bohr,  who 
found  that  atoms  can  only  exist  at  discrete  energy 
values  which  correspond  to  special  orbits  of  the 
electrons  around  the  positively  charged  nucleus  (see 
Fig.  B2.1a). 


c)  ground  state 

Fig.  B2.1:  Model  of  the  magnesium  atom 

Energy  can  be  absorbed  or  emitted  if  an  electron 
changes  its  orbit  from  one  energy  level  to  another 
one.  In  this  case  the  energy 

(B2.1) 

is  either  absorbed  or  emitted  in  form  of 
electromagnetic  waves  of  the  frequency  v  which  is 
equivalent  to  the  wavelength  "K.  Here,  h  is  Planck’s 
constant  and  c  the  speed  of  light  in  the  observed 
medium.  Only  transitions  between  allowed  energy 
values  are  possible.  The  allowed  energy  values  are 
called  energy  levels  and  are  characterized  by  the 
indices  n  and  m  in  the  above  equation.  This  means  an 
atom  can  only  absorb  radiation  if  it  passes  the 
transition  from  the  energy  level  Em  to  the  higher 
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energetic  level  En  where  its  electron  is  at  a  higher 
energetic  orbit  (see  Fig.  B2.1b).  On  the  other  hand, 
an  atom  at  the  state  En  emits  radiation  if  its  electron 
falls  down  to  a  lower  energetic  orbit  with  the  energy 
Em  (see  Fig.  B2.1c). 

The  time  during  which  the  electrons  stay  in  the  higher 
energetic  state  is  limited  to  the  life-time  of  the  excited 
state  which  is  characteristic  for  each  excited  state. 
This  time,  which  is  equivalent  to  the  time  between 
absorption  and  emission,  is  normally  very  short,  in 
the  range  of  nanoseconds  or  below. 

An  important  quantity  is  the  spectral  emission 
coefficient  ev  which  is  defined  as  the  energy  of  the 
radiation  per  time  and  solid  angle  emitted  at  the 
frequency  v  by  a  unity  volume.  For  a  spontaneous 
transition  of  an  excited  electron  at  an  energy  level  n 
to  a  lower  level  m,  the  emission  coefficient  enm  can  be 
calculated  as: 

£  nm  =  ^  nm^nm^n  (B2.2) 

Here,  Anm  is  the  Einstein  transition  probability 
between  the  excited  states  m  and  n  while  nn  is  the 
number  density  of  the  particles  in  the  excited  state  n. 
According  to  equation  (B2.1),  the  transition  from  the 
energy  level  n  to  a  lower  level  m  produces  emission 
of  the  frequency  v.  In  reality,  the  emission  occurs 
within  a  frequency  interval  8v.  This  phenomenon  is 
called  line  broadening.  Therefore,  the  emission 
coefficient  £„m  of  a  spectral  line  with  the  linewidth  8v 
has  to  be  written  as: 

v+Sv 

£nm=  Kdv  (B2-3) 

V 

The  different  broadening  mechanisms  are  described 
in  section  B2.1.2. 

The  basic  mechanisms  of  atomic  radiation  can  be 
seen  most  clearly  in  the  most  simple  case  of  the 
hydrogen  atom  with  only  one  electron. 


B2.1.1.1  The  Optical  Spectrum  of  the 
Hydrogen  Atom 


Kirchhoff  and  Bunsen,  who  laid  the  foundation  for 
spectral  analysis,  realized  already  in  the  middle  of  the 
last  century  that  each  element  emits  its  own 
characteristic  spectrum.  The  spectral  lines  of  one 
species  can  be  sorted  into  series  and  are  described 
formally  by  a  so-called  series  formula.  In  the  most 
simple  case  of  the  hydrogen  atom  with  only  one 
electron,  each  spectral  line  fulfills  the  equation: 


V'M 


A 


(B2.4) 


Here,  RH  is  the  so-called  Rydberg-constant  (RH  =  2n2 
mec4/(h3c)  =  109677,581  cm"1),  where  the  index  H 
stands  for  hydrogen,  n2  and  n2  are  natural  numbers 
and  represent  the  numbering  of  the  energy  levels 
where  n,  <n2  and  n,  is  constant  within  one  series. 


The  emission  spectrum  of  hydrogen  consists  of  the 
following  series: 

Lyman-Series  (UV)  n)=  1  n2  >  2 


Balmer-Series  (visible  if  n2<8) 
Paschen-Series  (infrared) 
Brackett-Series 


ni  =  2  n2  >  3 
n]  =  3  n2  >  4 
ni  =  4  n2  >  5 


Pfund-Series 


n,  =  5  n2  >  6 


Fig.  B2.2:  Bohr  model  of  the  hydrogen  atom  with 
the  first  five  spectral  series 

Figure  B2.2  explains  the  origin  of  the  different  series. 
Normal  hydrogen,  where  all  atoms  are  at  the  ground 
level  (n=l),  can  absorb  radiation  only  in  the  Lyman- 
series.  The  absorption  at  other  spectral  lines  requires 
the  existence  of  excited  states  which  means  that 
atoms  exist  where  the  electron  already  stays  in  the 
levels  =  2  or  nt  =  3  and  so  on. 


Fig.  B2.3:  Balmer-series  of  hydrogen 

With  rising  n2  the  spectral  distance  between  lines  of 
one  series  decreases  more  and  more.  For  n2  ^  °°  the 
borders  of  the  series  are  given  by: 


Beyond  this  border,  the  spectrum  is  no  longer 
characterized  by  single  emission  lines  but  by 
continuous  emission.  The  radiation  is  now  no  longer 
caused  by  transitions  of  excited  atoms.  It  originates 
when  free  electrons  are  captured  by  ions  (radiation  by 
recombination)  or  when  ions  or  electrons  are 
accelerated  or  decelerated  by  electric  fields.  The  line 
emission  is  also  called  bound-bound  radiation  while 
radiation  by  recombination  is  called  free-bound. 
Radiation  caused  by  acceleration  and  deceleration 
processes  is  termed  free-free. 

If  the  excited  states  are  highly  enough  populated,  the 
emission  spectrum  of  hydrogen  always  contains  three 
characteristic  lines  in  the  visible  wavelength  region  at 
6563,  4861  and  4340  A  (lA  =  1010m  =  O.lnm)  which 
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originate  from  the  Balmer-series  (compare  Fig. 
B2.3).  The  strongest  of  these  lines  was  already 
discovered  by  Angstrom  in  1853.  Nowadays  this  line 
is  called  Ha-line  (6563  A),  the  others  were  called  Hp, 
HY  and  so  on  corresponding  to  their  rising  frequency. 
For  atoms  other  than  hydrogen  the  formulation  of 
analytic  series  formulas  that  cover  all  possible  spec¬ 
tral  lines  becomes  rather  complicated  due  to  the  fact 
that  more  than  one  electron  exists. 


B2.1.1.2  The  Optical  Spectra  of  Nitrogen 
and  Oxygen 


In  the  case  of  re-entry  investigations,  the  emissions  of 
nitrogen  and  oxygen  as  main  components  of  an  air 
plasma  are  of  particular  interest.  As  mentioned 
above,  the  definition  of  simple  analytic  series 
formulas  like  those  for  hydrogen  is  no  longer 
possible.  Although  a  more  complicated  analytic 
calculation  of  single  emission  lines  is  still  possible,  in 
most  cases  using  values  that  are  tabulated  in  literature 
like  [B2.3,  B2.4]  is  the  better  solution.  Different 
numerical  codes  like  NEQAIR  [B2.5]  or  PARADE 
[B2.6]  offer  the  possibility  of  computing  a  complete 
spectrum.  Normally,  the  number  densities  of  the 
desired  species  as  well  as  different  temperatures  have 
to  be  added  into  the  code.  The  working  principle  of 
the  code  will  not  be  discussed  in  more  detail  but  Figs. 
B2.4  and  B2.5  show  the  emission  of  atomic  nitrogen 
and  oxygen  and  their  ions  computed  with  PARADE. 


species 

number  density 
rm-3l 

N 

6,4  10zu 

0 

2,02  102U 

NT 

1,72  1021 

0+ 

3,16  10zu 

Table  B2.1:  Number  densities  used  for  PARADE 
computation 
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Fig.  B2.4:  Emission  of  neutral  atomic  nitrogen 
and  oxygen  computed  by  PARADE 


Fig.  B2.5:  Emission  of  ionized  atomic  nitrogen 
and  oxygen  computed  by  PARADE 

Table  B2.1  gives  the  number  densities  used  for  the 
computation.  Although  the  number  densities  of  the 
ions  are  even  higher  than  those  of  the  neutral 
particles,  the  computed  intensities  within  the  same 
wavelength  region  are  weaker  by  factors  of  about 
1020  and  1015.  This  factor  shows  the  influence  of  the 
Einstein  transition  probability. 


B2.1.2  Line  Broadening 

The  natural  line-width  in  an  almost  motionless 
plasma  at  a  low  pressure  (which  means  that  collisions 
between  particles  are  rare)  is  determined  by 
Heisenberg's  law  of  uncertainty  and  is  in  the 
dimension  of  10'5nm  which  normally  can  be 
neglected  in  comparison  to  the  other  broadening 
mechanisms. 

The  most  important  processes  for  line-broadening 
are: 

•  Doppler  effect 

•  Interaction  with  other  particles  (pressure 
broadening  such  as  resonance,  Stark  and  Van 
der  Waals  broadening) 

•  Zeemann  effect  caused  by  disturbing  magnetic 
fields 

•  Absorption  within  the  plasma 

•  Contributions  of  the  optical  elements 

The  Zeemann  effect  gains  importance  if  strong 
magnetic  fields  are  used  e.g.  to  control  the  plasma  as 
in  fusion  reactors.  The  influence  of  absorption  can  be 
seen  if  the  intensity  profile  has  a  local  minimum 
value  at  the  center  of  the  line  where  the  emission  is 
re-absorbed.  This  effect  gains  importance  at  high 
pressures  and  at  optically  thick  plasma  states.  The 
contributions  of  the  optical  elements  are  mainly 
caused  by  chromatic  and  spherical  aberrations  of 
lenses  and  mirrors.  This  effect  has  to  be  taken  into 
account  in  the  calibration  procedure. 

The  first  two  effects  can  be  used  for  diagnostics  to 
determine  thermodynamic  quantities.  Therefore,  the 
Doppler  broadening  and  the  pressure  broadening 
(here  Stark  broadening  is  the  most  important  process) 
are  discussed  in  more  detail  in  this  section. 
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B2.1.2.1  Doppler  Broadening 

The  motion  of  radiating  particles  causes  a  wavelength 
shifting  of  the  emitted  spectral  line  (Doppler  shift). 
Within  a  non-flowing  plasma,  the  velocity  values  and 
directions  of  the  single  particles  are  statistically 
distributed.  A  superposition  of  the  different  Doppler 
shiftings  yields  a  broadened  intensity  profile.  If  the 
Doppler  displacement  is  strong  in  comparison  to  the 
other  broadening  mechanisms,  the  translatory 
temperature  of  the  emitting  particles  can  be 
determined  from  the  Doppler  half  width  of  the 
emission  lines.  For  this  purpose,  a  high  resolution 
spectrometer  is  needed.  A  Fabry  Perot  interferometer 
fulfills  this  requirement  (see  section  B4). 


B2.1.2.2  Broadening  by  Interaction  with 
Other  Particles 


Neutral  particles,  electrons  and  ions  in  the  plasma 
surrounding  the  emitting  particles  can  cause 
disturbances  of  the  emission  which  is  proportional  to 
the  partial  pressures  of  the  emitting  and  disturbing 
particles.  This  pressure  broadening  can  be  divided 
into  resonance,  Stark  and  Van  der  Waals  broadening. 
To  describe  this  procedure,  the  disturbing  particles 
are  mostly  regarded  as 
classical  particles  which  move 
in  the  most  simple  case  on 
straight  lines  with  the  velocity 
V.  From  a  distance  p  to  the 
emitting  particle  the  effect  of 
the  disturbing  particle  can  be 
noticed  as  illustrated  in.  Fig. 

B2.6.  Therefore,  the  time 
during  which  the  disturbance 
occurs  is  in  the  magnitude  of 


emitting 

particle 


disturbing  particle 
Fig.  B2.6: 
Illustration  of  the 
collision  time 


At  -  —  (B2.6) 

v 

If  At  is  short  in  comparison  to  the  time  between  two 
disturbances  (which  is  normally  valid  for  fast 
particles  such  as  electrons)  the  disturbances  can  be 
regarded  as  collisions  and  interpreted  by  collision 
theories.  In  this  case,  the  emitting  particle  is  regarded 
as  a  harmonic  oscillator. 

If  a  disturbing  particle  passes  the  emitting  particle, 
the  phase  of  the  above-mentioned  oscillation  is 
changed.  A  Fourier  analysis  of  the  phase-disturbed 
oscillation  gives  a  dispersion  profile  with  the  half 
width  Avpj  (see  Fig.  B2.7).  The  maximum  value  of 
this  line  profile  is  shifted  by  Av  compared  with  the 
profile  of  the  undisturbed  line  with  the  frequency  \q. 
At  the  regarded  plasma  states,  the  half-width  is 
mainly  determined  by  the  Stark  effect  which  covers 
the  interaction  of  charged  particles  caused  by  the 
forces  due  to  their  electric  field. 


Fig.  B2.7:  Gaussian  and  dispersion  profile  with 
the  same  half  width 


In  comparison  to  the  emission  without  disturbing 
effects  caused  by  an  electric  field,  the  emission  of 
atoms  in  an  electric  field  of  the  strength  E  is  shifted 
by  the  frequency  Av: 

Av(£)  =  —  C*E2  (B2.7) 

2xc 


Here,  C*  is  the  so-called  Stark  effect  constant.  A 
disturbing  electron  in  the  distance  r  to  the  emitting 
particle  produces  an  electric  field  at  the  location  of 
the  particle  with  the  strength 


E  = 


1  e 
4ne0  r 2 


(B2.8) 


and  therefore  causes  a  frequency  displacement  of  the 
above  described  oscillator  of: 


Av(r) 


lit 


V2 


4ke, 


0  ) 


(B2.9) 


Therefore,  the  line  broadening  due  to  the  Stark  effect 
is  proportional  to  ~r'4  with  the  constant  Cw.  So,  the 
equations  for  the  line  displacement  AvvST  and  the  half 
width  Avhst  in  a  plasma  with  the  electron  density  ne 
and  the  average  thermal  velocity  V  can  be  written  as: 

Av*  =  -^-9.85C^3  vI/3ne 
2n 

Avfl  =— 11.37C^371/3ne  (B2.10) 

2n 


8,  1 

r  i 

n 

.  -kT 

H - 

v  n  1 

lme 

mJ 

Here,  M  is  the  molecular  mass  of  the  corresponding 
ion.  In  the  above  equations,  only  the  influence  of  the 
electrons  on  the  emitting  particles  is  taken  into 
account.  Due  to  their  higher  mass  and  their  therefore 
lower  velocity,  the  influence  of  the  heavy  particles 
can  often  be  neglected.  Meanwhile,  the  simple  model 
as  described  above  has  been  refined  by  quantum 
mechanical  considerations  of  the  collision  processes 
but  the  principal  results  remain  valid. 

Due  to  their  large  line  width,  especially  the  Balmer 
lines  of  the  hydrogen  atom  are  well-suited  to 
determine  the  electron  density  from  the  line 
broadening  due  to  the  Stark  effect.  Figure  B2.8  shows 
the  Ha-line  at  two  different  plasma  states. 

The  line  width  of  the  Balmer  line  Hp  is  even  stronger 
than  that  of  the  Hp-line.  At  an  electron  density  of 
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ne=  1023m'3  and  a  temperature  of  T  =  10000  K  the 
half  width  of  the  Hp-line  is  45  A. 


;.=6562  7A 

i  i  I  I  ll  I  I _ I _ I 

64  BO  6520  6560  6600  6640 

wavelength  »■  [A]  — *- 

Fig.  B2.8:  Line  broadening  due  to  the  Stark- 
effect 

For  plasmas  without  hydrogen,  determining  the 
electron  density  from  the  Stark  broadening  is  often 
difficult  or  even  impossible  because  the  effects  of 
other  broadening  mechanisms  (especially  the  effect  of 
Doppler  broadening)  are  stronger  than  the  Stark 
effect.  Sometimes,  small  amounts  of  hydrogen  can  be 
added  to  the  plasma  to  enable  the  determination  of 
the  electron  density  as  described  above. 


B2.1.3  Energy  Levels  of  the  Molecules 

In  this  section,  an  overview  of  the  basic  principles 
will  be  given.  For  more  detailed  information  the 
corresponding  literature  such  as  [B2.7,  B2.8]  is 
recommended.  As  seen  above,  the  energy  levels  of 
atoms  are  defined  by  the  electron  orbits  around  the 
nucleus.  In  the  case  of  molecules,  there  are  additional 
energy  levels  caused  by  the  degrees  of  freedom  of 
rotation  and  vibration.  Still,  the  emission  occurs  at 
discrete  energies  which  results  in  an  emission 
spectrum  consisting  of  single  emission  lines.  But  in 
comparison  to  the  atoms,  the  number  of  transitions 
allowed  is  much  higher  and  the  spectral  distance 
between  the  single  lines  is  much  smaller.  A 
measurement  of  single  lines  is  only  possible  with 
extremely  high  resolution  spectrometers.  The 
wavelength  of  each  emission  line  is  not  only  a 
function  of  the  upper  and  lower  electronic  states  of 
the  transition  but  also  of  the  upper  and  lower 
rotational  and  vibrational  energy  levels.  In  molecular 

spectroscopy  usually  the  wave  number  v  which  is  the 
inverse  wavelength  is  used  to  characterize  the  single 
emission  lines.  The  corresponding  wave  number  for  a 
molecular  transition  is  proportional  to  the  total 
change  in  energy: 

v  =  ~(A£e;  +  A Evih  +  A Erol )  (B2. 11) 

he 

Here,  AEel,  AErot  and  AEvib,  are  the  changes  in 
electronic,  rotational  and  vibrational  energy, 
respectively. 

The  effect  of  the  electronic  transition  can  be  reduced 
to  the  corresponding  energy  difference  of  the  upper 
and  lower  electronic  state  and  is  usually  taken  from 
literature  such  as  [B2.8,  B2.9].  The  degrees  of 
freedom  for  rotation  and  vibration  can  be  described 


by  analytical  models  which  allow  the  calculation  of 
the  possible  energy  levels  and  the  quantum  physical 
interpretation  of  the  obtained  spectra. 


B2.1.3.1  Rotational  Energy  Levels 

Figure  B2.9  shows  a  simple  model  for  a  two-atomic 
molecule  which  is  simulated  as  a  dumb-bell.  Here, 
the  atoms  are  regarded  as  point  masses  rrij  and  m2,  the 
connection  with  the  length  r0  is  regarded  as  boundless 
and  rigid  in  a  first  approach.  The  molecule  rotates 
around  the  center  of  mass  S.  In  this  system,  the 
rotational  energy  can  be  calculated  using  the 
equations  of  classical  mechanics: 

£„,=i>2  (B2.12) 

Here,  j  is  the  moment  of  inertia  and  (0  the  angular 
velocity  of  the  rotation.  For  the  simple  model  of  the 
rigid  rotation,  j  becomes: 

j  =  mxrf  +  mjt^,  (B2.13) 

The  assumption  that  ttij  =  m2  =  m  and  therefore 
r,  =  r2  which  is  actually  valid  for  homonuclear 
molecules  results  in: 


j  = 


(B2.14) 


Fig.  B2.9:  Molecule  as  rotating  dumb-bell 


Equations  of  classical  mechanics  would  say  that  the 
rotational  energy  can  have  any  value.  But  again,  in 
quantum  mechanics  only  discrete  energy  levels  exist. 
As  not  explicitly  shown  here,  the  solution  to  the  so- 
called  Schrodinger  equation  yields  the  relation: 

87t  J 

with  J  =  0,  1,  2, ... 

As  already  mentioned,  h  is  Planck’s  constant  while  J 
is  the  rotational  quantum  number. 

In  molecular  spectroscopy,  the  energy  terms  are 
usually  given  in  terms  of  wave  numbers  which  is 
done  by  a  normalization  by  he.  Therefore,  equation 
(B2. 1 5)  is  equivalent  to: 

=  =  B +  (B2.16) 

he 

The  rotational  constant  Be  is  one  of  the  most 
important  constants  in  molecular  spectroscopy.  It  is 
inversely  proportional  to  the  moment  of  inertia  j  and 
gives  for  a  known  atomic  mass  the  bonding  length  of 
the  molecule  which  is  a  very  basic  piece  of 
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information  about  the  inner  construction  of  the 
investigated  molecule.  The  normalized  rotational 
energy  F(J)  is  used  within  the  temperature 
determination  procedure  of  molecular  temperatures 
(compare  section  B2.2.4). 

The  selection  rules  of  quantum  mechanics  only  allow 
transitions  with  neighboring  rotational  quantum 
numbers  which  means  the  maximum  change  in  J  can 
be  1  or  -1.  The  resulting  series  of  emission  lines  are 
called  branches  and  are  named  P-,  Q-  and  R-branch. 
The  possible  changes  in  rotational  energy  become: 


P-branch  (AJ=1) 

A£"  =  8n!j2<-'+1> 

(B2.17a) 

Q-branch  (AJ=0) 

£5 

5 

II 

O 

(B2.17b) 

R-branch  (AJ=-1) 

h 2 

(B2.17c) 

If  the  change  in  the  total  angle  remains  constant 
within  the  transition,  the  Q-branch  is  not  allowed. 
The  contribution  of  the  rotational  transition  to  the 
wave  number  of  the  emission  line  is  given  by: 

v„,  =  AF(J)  =  J  =  0,1,2,...  (B2.18) 

he 

In  the  model  of  the  rigid  rotating  dumb-bell,  the  wave 
numbers  within  one  branch  increase  linearly  with  a 
rising  quantum  number.  This  results  in  constant 
spectral  differences  between  the  single  rotational 
lines  in  terms  of  wave  numbers.  In  reality,  the 
connection  between  the  two  nuclei  is  not  rigid  as 
assumed  within  the  above  equations.  This  yields  a 
deformation  of  the  molecule  with  rising  centrifugal 
force  which  can  be  taken  into  consideration  by 
implementing  a  second  order  correction  term  yielding 
the  model  of  a  non-rigid  rotating  dumb-bell.  Here,  the 
constant  De  is  implemented  which  considers  the 
extension  of  the  distance  between  the  nuclei  with 
increasing  rotational  energy.  De  is  an  experimentally 
determined  constant  which  varies  for  different  species 
and  for  different  electronic  states.  Equation  (B2.16) 
transforms  into: 

F(J)  =  BeJ{j  + 1)  -  DC[J{J  + 1)]2  (B2.19) 


B2.1.3.2  Vibrational  Energy  Levels 

In  addition  to  the  rotation  around  the  center  of  mass, 
a  vibration  of  both  atoms  along  the  molecular  axis  is 
possible.  In  the  most  simple  way,  this  vibration  can 
be  described  as  the  motion  of  a  reduced  mass  p 
around  an  equilibrium  position  r0  with  A r-r  -  r0. 
With 


mlm2 

ml+m2 


(B2.20) 


and  the  spring  constant  k  the  well-known  differential 
equation  of  the  harmonic  oscillator  is  obtained: 


d2(Ar) 

u — =  0 
dt2 


(B2.21) 


The  solution  to  this  equation  is  an  oscillation  with  the 
frequency: 

(B2.22) 

Similar  to  the  model  of  the  rotating  dumb-bell,  the 
application  of  the  Schrodinger  equation  on  the 
harmonic  oscillator  yields  again  quantisized 
vibrational  energies.  The  vibrational  energy  term 
becomes: 


£v,7>)  =  /*V0.>+t)  (B2.23) 

with  u=0,  1,  2, ... 

Again,  a  normalization  by  he  can  be  done  yielding: 

G(v)=  £vf^=(n(u  + j)  (B2.24) 

he  v  7 


The  energy  scheme  of  a  linear  harmonic  oscillator 
consists  of  equi-distant  steps  hvmc  with  a  minimum 
energy  value  hvosc/2.  V  is  the  vibrational  quantum 
number  and  go  represents  the  vibrational  frequency 
In  contradiction  to  the  rotation,  transitions  between 
vibrational  energy  levels  with  quantum  number 
differences  higher  than  1  are  also  allowed.  The  wave 
numbers  of  pure  vibrational  lines  (which  means  that 
both  upper  and  lower  level  belong  to  the  same 
electronic  state  and  that  no  change  in  rotational 
energy  occurs  which  is  equivalent  to  AJ=  =0)  are 
given  by: 


he 


osc 


(B2.25) 


From  this  equation,  the  distances  between  the  single 
lines  are  supposed  to  be  multiples  of  the  ground 
frequency  divided  by  c.  Again,  this  expectation  is  not 
fulfilled  completely  in  reality  which  can  be  explained 
by  the  fact  that  a  molecule  has  to  be  seen  as  a  so- 
called  anharmonic  oscillator. 

To  illustrate  this  coherence,  the  potential  curves  for 
both  harmonic  and  anharmonic  oscillators  are  plotted 
in  Fig.  B2.10.  They  show  the  potential  of  the  forces 
between  the  nuclei  as  a  function  of  the  nuclear 
distance.  The  quantisized  vibrational  energy  levels 
Evih  are  added  to  the  viewgraph. 


Fig.  B2.10:  Harmonic  (left)  and 
anharmonic  (right)  oscillator 


In  the  case  of  a  harmonic  oscillator,  the  potential 
curve  appears  as  a  symmetrical  parabolic  function.  If 
one  nucleus  is  regarded  as  fixed,  the  other  one  would 
oscillate  like  a  ball  which  rolls  along  the  curve.  The 
points  where  the  energy  levels  cross  the  curve  are  the 
reversal  points  of  this  oscillation. 

This  model  does  not  agree  with  reality  in  two 
essential  points.  First,  in  the  simple  model  there  is  no 
theoretical  reason  that  the  distance  between  the  nuclei 
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could  not  decrease  to  zero.  In  reality,  this  is 
physically  not  possible  because  the  electrostatic 
forces  between  the  two  positively  charged  nuclei 
would  rise  very  quickly.  On  the  other  hand,  the 
potential  is  not  allowed  to  rise  until  infinity  with 
increasing  distance  between  the  nuclei.  The  force 
between  the  nuclei  which  is  produced  by  the  electrons 
is  only  decreasing  with  rising  distance  until  the 
molecule  becomes  dissociated.  As  can  be  seen  from 
the  potential  curves,  reality  is  better  represented  by 
the  model  of  the  anharmonic  oscillator.  In  this  case, 
the  energy  levels  are  no  longer  equidistant. 


B2.1.4  The  Molecular  Spectrum 

As  already  mentioned,  the  molecular  emission  spectra 
are  based  on  a  superposition  of  electronic,  vibrational 
and  rotational  transitions.  The  wave  number  of  each 
emission  line  is  given  by  the  total  change  in  energy. 
From  now  on,  the  upper  state  of  a  transition  is 
characterized  by  '  and  the  lower  state  by  ".  Using  this 
nomenclature,  equation  (B2.1 1)  can  be  written  as: 

v=ATe'  +  AG+AF  (B2.26) 

or 

v  =  T'd  -  T’e‘  +  G'( t>')  -  G" (o')  +  F'(y>',J')  -  F'iv’J") 

(B2.26b) 

with:  T1  normalized  electronic  energy 

G(v)  normalized  vibrational  energy 

F(vi  J)  normalized  vibrational  energy 

and  AT1 »  AG  »  A F 

Within  each  electronic  state,  the  electronic,  rotational 
and  vibrational  constants  are  different  and  the  basic 
mechanisms  described  in  sections  B2. 1.3.1  and 
B2. 1.3.2  are  coupled.  If  only  the  rotational  energy 
changes  (AT1  ==  AG  ==  0),  the  pure  rotational 
spectrum  in  the  far  ultrared  is  obtained  with: 

\T  =  +F'(J')~  F*(J")  (B2.27) 

If  the  vibrational  energy  changes  but  the  electron 
energy  remains  unchanged,  the  rotational  vibrational 
bands  in  the  short  ultrared  are  obtained, 
v  =  G'(v ')  -  G"(v  ')  +  F'(x>  F"(v> ",  J")  (B2.28) 

In  section  B2. 1.1.2  the  rotational  constant  Be  was 
introduced  for  the  model  of  a  rotating  dumb-bell.  In 
the  case  of  coupling  between  vibrational  and 
rotational  transitions,  the  model  has  to  be  extended  to 
a  rotating  oscillator  where  B  is  also  a  function  of  the 
vibrational  quantum  number.  Additionally,  the 
bonding  length  of  the  molecules  differs  at  different 
electronic  levels.  So  Be  has  to  be  replaced  by  B  V 
and  B'V-  for  the  upper  and  lower  states  of  the 
transition.  If  the  energy  terms  in  equation  (B2.26b) 
which  are  not  a  function  of  the  rotational  quantum 
numbers  such  as  the  normalized  electronic  and 
vibrational  energies  are  combined  to  a  wave  number 
vo>  the  wave  numbers  of  the  emission  lines  for  a 
given  electronic  and  vibrational  transition  within  the 


different  branches  can  be  written  as  a  function  of  the 
rotational  quantum  number: 


P-branch  (AJ=1  =>  J'=J,  J"=J+1): 

v~  =v~0 + (S'.  -  B*.)j2  +  (£'.  -  3£' )y  - 2B'  (B2.29a) 


Q-branch  (AI=0  =>  J'=J"=J): 

v~e  =v“ +(B',  -  B;)T  +(S'.  -  B'.)j  (B2.29b) 


R-branch  (AJ=-1  =>  J'=J+1,  J"=J) 

V*  =v0+(B'.-B;.)72+(3K-B')y  +  2B'.  (B2.29c) 


These  parabolic  functions  of  the  rotational  quantum 
number  give  the  spectral  position  of  all  rotational 
emission  lines  for  one  vibrational  transition  within  a 
given  electronic  transition.  If  the  rotational  quantum 
numbers  are  plotted  versus  the  wave  number,  the 
resulting  graphs  are  called  Fortrat  parabolas. 

Similar  to  the  wave  number,  the  intensity  of  an 
emission  line  is  represented  by  a  superposition  of  an 
electronic,  a  vibrational  and  a  rotational  transition. 
Under  the  assumption  of  a  Boltzmann  distribution 
(compare  section  B2.2.1)  the  intensity  of  each 
emission  line  is  given  by: 


K’J ’-uT  “  Sjfcll 


(B2.30) 


Here  K  is  a  function  of  the  electronic  transition 
moment  and  the  partition  functions  for  the  electronic, 
vibrational  and  rotational  transition  and  therefore  of 
electronic,  vibrational  and  rotational  temperature  but 
not  of  rotational  or  vibrational  quantum  number.  For 
a  given  plasma  state,  K  is  a  constant. 

Sj  is  the  London-Honl  factor  which  describes  the 
statistical  weights  for  the  transition.  In  the  case  of  N2+ 
as  a  homonuclear  diatomic  molecule  the  London- 


Honl  factors  for  P-  and  R-branch 
Negative  band  system  become: 

(J'  +  l)2-- 

of  the  First 

P-branch: 

Sp  4 

2  “  U'+D 

7'2  —  — 

(B2.31) 

R-branch: 
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(B2.32) 

Due  to  effects  of  the  atomic  spin,  an  alternation 
between  adjacent  lines  within  the  rotational  spectrum 
occurs  which  is  covered  by  the  factor  faU.  In  the  case 
of  N2+  the  total  spin  is  2  and/a„  becomes: 


f in 


r3+(-lY'+^ 


(B2.33) 


V  ~  ) 

To  illustrate  the  appearance  of  a  molecular  spectrum, 
Fig.  B2.ll  shows  the  N2+  First  Negative  band  system 
in  low  resolution  with  the  different  band  heads  and 
the  fine  structure  of  the  Av=0  band  in  high  resolution 
including  the  0-0  and  the  1-1  band  head. 
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Fig.  B2.ll:  Band  structure  of  the  N2+-molecule 


The  dark  line  represents  a  measurement,  the  gray 
areas  are  a  numerical  simulation  of  the  emission.  The 
Fortrat  parabolas  for  the  0-0  vibrational  transition  are 
added  to  the  fine  structure  diagram.  The  molecular 
band  is  divided  into  different  parts  which  are  formed 
by  single  rotational  lines.  In  the  case  of  N2+  these 
bands  are  degraded  to  the  violet  which  means  that 
rotational  lines  with  rising  rotational  quantum  number 
are  shifted  to  lower  wavelengths.  All  rotational  lines 
which  result  from  the  transition  from  the  vibrational 
level  0  to  the  vibrational  level  0  lie  close  together  and 
form  the  0-0  vibrational  band.  The  next  band  head  at 
lower  wavelengths  belongs  to  the  1-1  transition.  All 
higher  vibrational  transitions  with  Av=0  are  adjacent. 
Together  they  form  the  Av=0  band  system.  Systems 
with  other  differences  in  vibrational  quantum  number 
such  as  Av=-2,  Av=-1,  Av=l  and  Av=2  are  similarly 
formed. 


B2.1.5  Spectral  Appearance  of  an  Air 
Plasma 

The  basic  principles  that  determine  the  emission  of 
atoms  and  molecules  have  been  explained  above.  The 
spectrum  emitted  by  a  plasma  can  be  regarded  as  a 
superposition  of  the  emission  of  the  different 
radiating  species.  Figure  B2.12  shows  a  computation 
of  the  most  important  radiating  species  within  an  air 
plasma  in  the  wavelength  region  between  200  nm  and 
900  nm  in  a  low  resolution  of  0.5  nm.  The  spectral 
emission  as  a  function  of  the  wavelength  corresponds 
to  that  of  an  equilibrium  plasma  state  at  a  temperature 
of  T  =  1 1700K  but  the  emissions  of  the  different 
species  have  been  scaled  by  different  constant  factors 
to  enable  a  graphical  representation  in  a  common 
diagram.  The  emissions  of  the  atomic  species  have 
been  reduced  by  a  factor  of  Iff6  and  the  emissions  of 
the  molecular  species  NO,  N2  and  02  have  been 
amplified  by  factors  of  10,  100  and  300,  respectively. 
Generally,  the  UV-region  between  200  nm  and 
400  nm  contains  the  radiation  of  most  molecular 
species  such  as  NO,  N2,  02  and  N2+  with  the 
exception  of  the  N2  First  Positive  system.  The 
strongest  atomic  radiation  can  be  observed  close  to 
the  infrared  wavelength  region  above  700  nm. 

It  can  be  clearly  seen  that  several  wavelength  regions 
are  dominated  by  the  emission  of  different  species. 
The  investigation  of  the  molecular  species  mostly 
requires  a  separation  of  the  desired  species.  For  this 
purpose,  best  suited  wavelength  regions  can  be  found 
for  the  detection  of  the  different  species  such  as  the 
region  below  250  nm  which  is  dominated  by  the 
emission  of  NO,  a  region  between  280  and  305  nm 
for  the  investigation  of  the  N2  Second  Positive  system 
and  the  region  between  320  and  450  nm  for  the  N2+ 
First  Negative  system  although  a  separation  of  the 
N2+  and  the  N2  emission  is  often  not  easy.  In  most 
cases,  the  emission  of  02  is  too  weak  to  remarkably 
disturb  the  measurements  of  the  other  species.  The 
investigation  of  the  atomic  radiation  as  well  as  the 
measurement  of  the  N2  Second  Positive  emission  has 
to  be  done  in  a  wavelength  range  from  the  visible  up 
to  the  close  infrared. 


Fig.  B2.12:  Superposition  of  the  computed  emission  of  the  most  important  radiating  species  in  an  air 
plasma  in  the  wavelength  region  between  200  nm  and  900  nm 


2B-41 


The  shape  of  the  spectra  contains  information  about 
the  thermodynamic  properties  of  the  plasma.  Tem¬ 
peratures  can  be  obtained  from  the  ratio  of  different 
emission  lines;  the  particle  density  can  be  determined 
from  the  total  intensities.  The  methods  for  deter¬ 
mining  these  quantities  are  described  in  section  B2.2. 


B2.2  Plasmadiagnostics 

Emission  spectroscopy  is  one  of  the  most  important 
methods  of  plasma  diagnostic  measurements  with  the 
great  advantage  of  being  completely  nonintrusive. 
The  emission  spectrum  contains  information  about 

•  the  wavelength  of  the  emitted  radiation 

•  its  intensity 

•  the  intensity  profile  of  each  line 

•  the  intensity  distribution  of  the  continuous 
radiation 

To  obtain  information  about  thermo-chemical 
processes,  the  evaluation  of  the  measured  data  can 
become  rather  difficult.  Generally,  the  applications  of 
emission  spectroscopic  measurements  can  be  divided 
into  three  sections: 

•  The  identification  of  different  atoms  and 
molecules  within  the  plasma 

•  The  determination  of  thermodynamic  quantities 
such  as  temperatures  and  particle  densities 

•  Gaining  information  about  excitation  and  recom¬ 
bination  processes  within  the  plasma 

For  the  applicability  of  emission  spectroscopy  as  a 
plasma  diagnostic  method  to  determine  thermo¬ 
dynamic  quantities,  the  energetic  conditions  within 
the  plasma  are  of  special  interest. 

Therefore,  this  section  first  gives  an  overview  about 
the  basic  assumptions  for  the  different  plasma  states 
before  the  temperature  determination  from  atomic 
radiation  is  explained.  After  that,  the  determination  of 
Tw,  and  Tvib  from  molecular  emission  is  shown  and 
the  determination  of  particle  densities  from  the 
emission  spectrum  is  discussed  briefly. 

B2.2.1  Basic  Definitions  of  the  Plasma 
States 

In  the  state  of  complete  thermodynamic  equilibrium, 
each  elementary  process  (e.g.  ionization)  is  in 
equilibrium  with  its  complementary  (in  this  case 
recombination)  which  means  the  numbers  of  both 
processes  per  unit  time  are  equal.  The  most  important 
properties  of  plasma  in  complete  thermodynamic 
equilibrium  are: 

1)  The  spectral  distribution  of  the  emitted 
radiation  is  that  of  a  black  body  radiator  and 
follows  Planck’s  Law. 

2)  The  velocities  of  all  particles  follow 
Maxwell’s  distribution  function  with  a 
common  temperature  T 


(B2'34) 

v  is  the  velocity  value,  m  the  particle  mass  and 
A  the  number  of  particles  per  volume  unit. 

3)  The  ratio  of  the  number  of  particles  in  an 
excited  state  nin  and  the  number  of  all 
particles  of  the  regarded  species  nj  is  given  by 
a  Boltzmann-distribution.  For  this  case,  the 
Boltzmann  equation 


is  valid.  The  quantities  g,-„  and  are  the 
statistic  weights  of  the  different  excitation 
levels  of  the  regarded  ionization  stage.  They 
are  always  integers  and  can  be  derived  from 
quantum  mechanical  laws  or  taken  from 
spectroscopic  tables.  £)„  is  the  energy  of  the 
excited  state  n. 

4)  The  chemical  equilibrium  which  is  also  a  part 
of  the  complete  thermodynamic  equilibrium  is 
defined  by  the  law  of  mass  action.  A  reaction 
A  +  B  O  C  is  described  by: 

M^b_=k(t)  (B2.36) 

«c 

Here,  n^,ng  and  hq  are  the  concentrations  of 
the  reacting  components  and  K  is  the  velocity 
constant  of  the  particular  reaction.  K  is  a 
function  of  the  temperature  and  has  to  be 
determined  experimentally. 

5)  The  last  important  requirement  is  a  relation  for 
the  ionization-recombination  equilibrium 
which  is  given  by  the  Saha-Eggert  equation 
which  is  in  fact  the  law  of  mass  action  for  the 
ionization  reaction.  Limiting  the  possible 
ionization  stages  to  1  yields  for  the  degree  of 
ionization  a  for  an  atomic  gas: 

«2  ■  (2H*  (,.T)i e-§  (B2.37) 

1-ot2  ph3  V  ’ 

Here,  E{  means  the  energy  of  ionization  and  p 
is  the  pressure  of  the  plasma. 

In  a  real  plasma  there  are  always  differences  from 
complete  thermodynamic  equilibrium.  If  those 
differences  are  moderate  and  limited  to  single 
processes,  the  plasma  state  can  often  be  described  as 
close  to  equilibrium. 

There  are  several  possibilities  to  gain  access  to  those 
plasma  states  but  the  most  important  one  is  probably 
the  LTG-model  ( local  thermal  equilibrium).  In  this 
case,  all  properties  of  the  complete  thermodynamic 
equilibrium,  with  the  exception  of  the  requirement  of 
a  Planck  distribution  for  the  radiation,  remain  valid. 

If  we  regard  the  energy  equations,  the  influence  of 
this  difference  on  the  particle  densities  can  be 
neglected  if  the  important  processes  such  as 
excitation  and  heat  transfer  processes  are  dominated 
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by  collisions  and  not  by  radiation.  For  this  reason  a 
sufficient  particle  density  of  colliding  particles  is 
necessary.  Due  to  their  higher  mobility  in  comparison 
to  that  of  the  heavy  particles,  electron  number  density 
is  the  important  quantity.  The  electron  number 
density  required  for  LTG  depends  on  the  temperature 
and  the  excitation  state  up  to  which  the  LTG  should 
be  valid.  Additionally,  the  highest  ionization  stage 
that  is  regarded  is  important.  For  example,  a  typical 
minimum  electron  density  for  LTG  for  argon  up  to 
complete  single  ionization  and  at  a  temperature  of 
T  =  20000K  is  given  by  ne  =  4-1017cnf3. 

Regarding  plasma  states  within  plasma  wind  tunnel 
experiments,  not  even  LTG  can  be  expected  in  every 
region  of  the  jet  and  the  plasma  is  in  thermal  and 
thermodynamic  non-equilibrium.  Here,  thermal  non¬ 
equilibrium  means  that  the  temperatures  of  the 
electrons  and  the  heavy  particles  are  different  and 
that  the  molecules  have  different  values  for 
rotational,  vibrational  and  electronic  temperatures. 
Even  in  these  non-equilibrium  cases,  the  Boltzmann 
distribution  for  the  rotational  and  vibrational  energy 
is  often  still  valid  with  the  corresponding  temperature 
Trot  or  Tvih  as  the  determining  parameter  for  the 
distribution  function.  In  thermodynamic  non¬ 
equilibrium,  the  chemical  composition  of  the  plasma 
does  not  correspond  to  the  equilibrium  composition 
because  the  changes  in  temperature  are  often  so  fast 
that  the  chemical  reactions  cannot  follow. 


B2.2.2  Identification  of  Atoms  and 
Molecules 

Without  a  doubt,  the  identification  of  unknown 
elements  using  the  wavelength  of  the  emitted  spectral 
lines  is  the  oldest  application  of  emission  spec¬ 
troscopic  measurements.  In  plasma  wind  tunnels,  the 
identification  of  different  particles  is  of  particular 
interest  for: 

•  Proving  the  existence  of  ionized  species 

•  Detecting  erosion  products  of  the  electrodes 
which  pollute  the  plasma 


•  Determining  the  plasma  regions  where  recom 
bination,  dissociation  or  ionization  processes 
occur  (e.g.  NO-formation  due  to  catalytic  effects). 

•  Detecting  erosion  products  of  the  heat  shield 
materials. 

As  an  example,  Fig.  B2.13  shows  the  emission 
spectrum  taken  from  the  experimental  simulation  of 
the  entry  conditions  into  the  atmosphere  of  the  Saturn 
moon  Titan  which  was  realized  by  using  a  mixture  of 
nitrogen  and  methane  as  working  gas  in  the  plasma 
wind  tunnel  [B2.10], 

For  the  atoms,  the  index  i  means  that  the  neutral 
species  is  regarded  while  n  means  the  first  ionization 
stage.  For  molecules  the  ionization  is  characterized 
by  +  (for  example  N2+  is  ionized  molecular  nitrogen). 

B2.2.3  Temperature  Determination  from 
Atomic  Radiation 

The  information  about  the  plasma  temperature  is 
contained  within  the  intensity  and  the  shape  of  the 
spectral  lines  of  the  radiating  species.  Replacing  the 
number  density  of  the  excited  state  nn  under  the 
assumption  of  a  Boltzmann  distribution  as  introduced 
in  equation  (B2.35),  the  spectral  emission  coefficient 
tnm  of  a  spectral  line  as  introduced  in  equation  (B2.2) 
can  be  written  as: 

(B2.38) 

4,t  go  V  kT) 

If  all  quantities  that  remain  constant  for  one  species  at 
the  same  plasma  state  are  combined  in  the  constant  C 
which  also  contains  common  factors  that  influence 
the  measured  radiation  such  as  the  solid  angle  of  the 
focusing  system,  an  equation  for  the  measured  line 
intensity  of  the  transition  from  state  n  to  m  is 
obtained: 

hm  =  C  VnmAnm8n  eXp[~^j  (B2.39) 
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Even  without  knowledge  of  the  particle  density,  a 
determination  of  the  temperature  by  a  comparison  of 
two  emission  lines  can  be  performed.  For  this 
method,  the  fact  is  applied  that  the  above  equation 
formally  appears  as  a  straight  line  equation 
y  =  b  +  mx  with  y  and  x  being  the  logarithmic 
expression  and  the  excitation  energy  respectively  and 
where  the  slope  contains  the  desired  temperature. 
With  only  two  points  which  means  two  emission  lines 
the  slope  and  therefore  the  temperature  can  be 
determined.  To  increase  the  quality  of  the 
measurement,  usually  more  than  two  lines  are  used. 
This  method  is  called  Boltzmann  plot  and  can  be 
used  both  for  determining  atomic  and  molecular 
temperatures  as  explained  in  detail  in  the  following 
section. 


B2.2.4  Determination  of  Molecular 
Temperatures 

In  most  cases,  the  distribution  of  the  number  densities 
of  the  excited  rotational  and  vibrational  levels 
follows  a  Boltzmann  distribution. 

If  single  rotational  vibrational  lines  can  be  spectrally 
resolved  within  the  measurements  of  the  molecular 
bands,  the  application  of  a  Boltzmann  plot  is  possible 
to  determine  the  molecular  temperatures. 

A  closer  look  at  equation  (B2.30)  for  the  intensity  of 
single  emission  lines  gives  the  basic  principles  for 
temperature  determination.  Within  one  electronic 
transition  the  ratio  of  different  emission  lines  is  only 
a  function  of  rotational  temperature  if  the  vibrational 
quantum  number  does  not  change. 

Therefore,  different  rotational  lines  of  the  same 
vibrational  transition  can  be  used  to  determine  the 
rotational  temperature.  Knowing  Trot,  emission  lines 
of  different  vibrational  transitions  can  be  used  to 
determine  the  vibrational  temperature  if  absolute 
intensities  are  measured.  Determining  the  electronic 
temperature  is  only  possible  if  different  electronic 
transitions  of  the  same  molecule  can  be  detected.  But 
even  in  this  case,  the  assumption  of  a  Boltzmann 
distribution  for  the  electronic  states  is  necessary. 
Contrary  to  the  rotational  and  vibrational  states,  this 
assumption  is  seldom  fulfilled  and  has  to  be  verified 
in  any  case. 

Within  real  measurements,  the  spectral  distance 
between  corresponding  lines  of  different  vibrational 
transitions  is  rather  large  which  causes  severe 
problems  in  performing  the  necessary  measurements. 
Thus,  the  usual  application  of  the  Boltzmann  method 
is  given  by  the  determination  of  the  rotational 
temperature. 

If  only  emission  lines  of  one  vibrational  transition  are 
chosen,  the  terms  which  contain  the  electronic  and 
vibrational  quantities  can  be  concluded  in  a  constant 
C.  Similar  to  the  procedure  in  the  case  of  the  atomic 
radiation,  equation  (B2.30)  can  then  be  written  as: 


ln\ 


1  =  fo(C)-— F'{v',r) 


kZ, 


(B2.41) 


Here,  is  the  intensity  of  the  regarded 

rotational  line  at  the  wavelength  X.  The  London-Honl 
factor  Sj  gives  the  statistical  weights  of  the  different 
transitions  as  corresponds  to  the  statistical  weights  gn 
used  for  the  atoms.  If  the  intensities  of  different 
rotational  lines  are  measured  and  plotted  over  the 
rotational  energy  F,  in  the  case  of  a  Boltzmann 
distribution  a  straight  line  is  formed  where  the  slope  - 
l/kTrot  contains  the  desired  rotational  temperature. 


regression  straight  line  for  the  determination  of  Tro, 


Fig.  B2.14:  Typical  Boltzmann  plot  used  for 
determining  Tro, 


In  Fig.  B2.14  the  application  of  this  method  to  the 
emission  of  a  N2+-molecular  band  is  shown  [B2.ll], 
The  theoretical  linear  relation  can  be  seen  clearly 
which  validates  the  assumption  of  a  Boltzmann 
distribution. 

If  different  vibrational  transitions  are  regarded, 
equation  (B2.41)  transforms  into: 
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To  obtain  a  straight  line  equation  equivalent  to 
(B2.41)  the  upper  vibrational  and  rotational  quantum 
numbers  of  the  chosen  emission  lines  have  to  be  the 
same  for  all  lines.  This  means  that  the  lines  which 
have  to  be  evaluated  are  found  in  band  systems  with  a 
different  vibrational  quantum  number  difference  Av 
(compare  Fig.  B2.ll)  yielding  a  large  spectral 
distance.  In  the  case  of  N2+,  the  band  systems  from 
Av=-2  up  to  Av=2  can  typically  be  observed. 
Therefore,  the  maximum  number  of  data  points  for 
each  Boltzmann  plot  would  be  reduced  to  about  five 
points. 

If  the  measurement  of  spectrally  resolved  lines  is 
possible  only  within  a  limited  wavelength  region, 
equation  (B2.42),  which  no  longer  has  the  formal 
qualities  of  a  straight  line  equation,  has  to  be  used 
directly  for  evaluation.  It  is  no  longer  possible  to  use 
a  Boltzmann  plot  to  determine  the  rotational 
temperature.  The  vibrational  temperature  now  has  to 
be  determined  using  the  ratios  of  the  intensities  of 
different  emission  lines.  In  the  logarithmic  form, 
these  ratios  appear  as  differences.  Still,  the  constant  C 
which  now  includes  only  the  partition  functions  and 
the  terms  due  to  the  electronic  transition  is  eliminated 
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from  the  equation.  Solving  for  Tvib  yields  for  two 
different  emission  lines: 
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Besides  the  Boltzmann  plot,  a  low  resolution 
temperature  determination  can  also  be  done  by 
comparing  a  simulation  of  the  molecular  bands  with 
measured  data.  For  this  purpose,  a  simulation  of  the 
quantum  mechanical  processes  has  to  be  done.  The 
spectra  for  different  temperature  couples  (here  Tra, 
and  Tvih)  are  computed  and  the  numerically 
determined  data  are  compared  with  the  measurement. 
The  spectrum  which  shows  the  highest  resemblance 
to  the  measured  spectrum  gives  the  desired 
temperatures  [B2.12].  One  important  presumption  is 
that  each  simulated  spectrum  can  be  accurately 
related  mathematically  to  a  certain  couple  of  the 
parameters  of  the  model  (in  this  case  Trot  and  Tvib). 
Figure  B2.15  shows  a  parameter  variation  for  the 
selected  molecular  bands  [B2.13],  The  left  diagram 
shows  a  variation  of  rotational  temperature  while 
electronic  and  vibrational  temperatures  were  kept 
constant.  The  right  diagram  shows  a  variation  of  both 
Fro,  and  Tvih. 

The  big  advantage  of  this  method  compared  to  the 
Boltzmann  plot  is  the  much  lower  measurement  time 
needed  and  the  possibility  for  the  simultaneous 
measurement  of  both  Twt  and  Tvih.  Only  with  this 
method  is  the  determination  of  the  temperature 
distribution  within  the  boundary  layer  in  front  of  a 
material  probe  as  described  in  section  B2.3.3  possible 
with  a  reasonable  measurement  time. 


Fig.  B2.15:  Influence  of  the  different 
temperatures  on  the  molecular  band  structure: 
left  -  variation  of  Trot,  Te,  and  Tvih  kept  const, 
right  -  variation  of  Trot  and  Tvib,  Te,  kept  const. 


Recently,  the  simulation  has  been  extended  from  pure 
N2+  to  a  superposition  of  N2+  and  N2  emission 
[B2.14].  Figure  B2.16  illustrates  the  data  processing 
procedure  and  the  temperature  determination  method 
in  a  flow  chart. 


Fig.  B2.16:  Flow  chart  of  the  data  processing 
procedure  and  the  temperature  determination 
method. 


B2.2.5  Determination  of  Particle 
Densities 


Generally,  the  determination  of  particle  densities 
from  the  measured  emission  spectra  is  also  possible. 
Again,  the  most  important  assumption  is  the 
Boltzmann  distribution.  Additionally,  the 
corresponding  temperature  must  be  accurately  known 
and  the  measured  data  have  to  be  calibrated  to 
absolute  intensities. 

To  determine  atomic  particle  densities,  the  emission 
coefficient  E™  in  equation  (B2.38)  (see  section 
B2.2.3)  has  to  be  replaced  by  the  intensity  calibrated 
measured  emission  Inm  and  the  equation  has  to  be 
solved  for  the  particle  density  tv. 
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Theoretically,  the  determination  of  molecular  particle 
densities  from  the  emission  spectrum  is  also  possible. 
The  desired  particle  density  is  contained  in  the 
constant  K  in  equation  (B2.30)  (see  section  B2.1.4). 
Although  the  assumption  of  Boltzmann  distributed 


2B-45 


rotational  and  vibrational  energies  is  often  valid,  an 
application  to  the  electronic  levels  is  not  necessarily 
possible. 

Therefore,  the  determination  of  molecular  particle 
densities  with  other  methods  such  as  laser  induced 
fluorescence  (compare  section  B5.1)  is  better  suited. 


B2.3  Plasma  Wind  Tunnel 
Application 

During  re-entry,  as  well  as  in  the  simulation  in  a 
plasma  wind  tunnel,  thermal  or  chemical  equilibrium 
can  not  be  assumed  in  wide  ranges.  Sometimes  not 
even  a  Boltzmann  or  Maxwell  distribution  is  present. 
In  this  case,  an  interpretation  of  the  measured  data 
becomes  rather  complicated. 

So  an  important  task  is  the  verification  of  the  above- 
mentioned  assumptions.  The  presence  of  a  Boltzmann 
distribution  can  be  verified  by  the  linearity  of  a 
Boltzmann  plot  as  described  in  section  B2.2.4;  the 
validation  of  a  Maxwell  distribution  can  be  done 
using  electrostatic  probes  (compare  section  A7.1). 
The  equilibrium  condition  of  the  plasma  state  can  be 
estimated  using  temperature  measurements  with 
electrostatic  probes  (A7.1)  and  emission 
spectroscopic  temperature  measurements  of  atomic 
and  molecular  temperatures  (B2.2). 

The  next  sections  describe  the  experimental  set-up 
for  emission  spectroscopic  measurements,  the 
intensity  and  wavelength  calibration  procedures  and 
the  Abel  inversion  as  important  factors  for  evaluating 
the  measured  data. 


B2.3.1  Experimental  Set-up 

The  results  of  emission  spectroscopic  measurements 
are  influenced  by  different  factors.  Generally,  the 
measured  data  can  not  be  used  for  further  evaluation 
without  any  corrections.  Although  modem 
spectrometers  and  monochromators  are  normally 
wavelength  calibrated,  an  additional  wavelength 
calibration  should  be  performed  prior  to  each 
measurement  because  testing  time  is  often  limited  and 
very  expensive.  In  any  case,  a  spectral  intensity 
calibration  (either  relative  or  absolute)  is  necessary  to 
enable  a  comparison  of  emission  lines  at  different 
wavelengths  or  to  determine  thermodynamic 
quantities  from  the  absolute  intensity  of  the  measured 
emission. 

Measurements  in  different  wavelength  regions  require 
different  capabilities  of  the  experimental  set-up.  For 
measurements  of  molecules  in  the  ultraviolet 
wavelength  region,  the  spectral  transmittance  of  the 
optical  elements  of  the  experimental  set-up  and  the 
spectral  efficiency  of  the  detector  have  to  be 
optimized  for  utilization  in  the  UV  because  at  most 
plasma  states  the  emission  of  the  molecules  is  already 
weak.  Fused  silica  lenses  and  windows  as  well  as 
mirrors  are  the  most  commonly  used  optical 
elements.  In  any  case,  a  spectral  calibration  of  the  set¬ 
up  has  to  be  done  which  will  be  described  below. 


At  higher  wavelengths  up  to  the  near  infrared,  the 
choice  of  materials  for  the  optical  elements  is  rather 
easy  because  most  optical  materials  have  sufficient 
characteristic  properties  in  this  wavelength  region. 
On  the  other  hand,  most  detectors  suffer  from 
decreasing  efficiency  close  to  the  infrared  especially 
if  they  are  sensitive  in  the  UV  region.  Another 
important  disturbance  is  second  order  radiation.  Due 
to  self-absorption  in  air  below  1 85  nm  this  effect 
gains  importance  only  at  wavelengths  above  390  nm. 
To  prevent  the  measured  data  from  second  order 
radiation,  spectral  filters  are  used  to  block  radiation 
at  wavelength  below  the  region  of  interest. 

Figure  B2.17  shows  a  typical  set-up  for  emission 
spectroscopic  measurements.  The  emitted  radiation  is 
focused  onto  the  entrance  slit  of  a  spectrometer  where 
the  spectral  decomposition  takes  place.  At  the  exit  of 
the  spectrometer,  the  transmitted  light  is  collected  by 
a  detector.  The  focusing  elements  of  the  optical  set¬ 
up  have  a  remarkable  influence  on  the  results.  In  the 
set-up  presented  all  lenses  have  been  replaced  by 
mirrors  to  minimize  chromatic  aberration  which 
causes  a  shifting  of  the  focus.  If  extensive  wavelength 
ranges  have  to  be  detected,  this  shifting  causes 


emission  spectroscopic  measurements 

The  mirrors  are  used  for  focusing  and  for  adjusting 
the  measurement  position  inside  the  vacuum  tank. 
Because  of  the  comparatively  large  focal  length  of 
650  mm,  a  precise  adjustment  of  the  optics  is  an 
important  requirement  for  a  successful  measurement. 
For  the  adjustment  procedure,  the  detector  is  replaced 
by  a  laser.  The  laser  light  has  to  take  the  reverse 
optical  path  and  enables  both  an  adjustment  of  the 
optical  axis  and  of  the  measurement  position. 

If  the  available  space  is  limited  or  if  the  direct  optical 
path  is  somehow  blocked,  e.g.  for  measurements  in 
the  arc  chamber  of  the  plasma  generator,  the  set-up 
shown  above  is  not  well-suited  to  perform  emission 
spectroscopic  measurements.  In  this  case,  the 
emission  can  be  transferred  to  the  spectrometer  using 
fiber  optics.  The  spectrometer  needs  no  direct  optical 
access  to  the  measurement  position.  Figure  B2.18 
shows  such  a  set-up. 
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Fig.  B2.18:  Optical  set-up  using  fiber  optics 


B2.3.2  Measurement  Grid 

Emission  spectroscopic  measurements  have  been 
used  to  characterize  the  processes  within  the 
boundary  layer  in  front  of  a  probe  in  the  plasma  jet 
[B2.5-9].  Some  results  are  given  in  section  B2.4.  Due 
to  the  non-intrusive  character  of  the  measurement 
method  these  kinds  of  measurements  are  well-suited 
for  such  an  application. 

For  this  purpose,  a  measurement  grid  in  front  of  the 
probe  as  shown  in  Fig.  B2.19  had  to  be  developed. 

To  perform  an  Abel  inversion,  radial  profiles  over  the 
whole  radial  extension  of  the  plasma  jet  have  to  be 
recorded.  The  axial  distances  between  the 
measurement  positions  are  chosen  smaller  in  regions 
of  special  interest  (normally  close  to  the  probe 
surface)  where  the  gradients  are  high  and  larger  in 
regions  with  low  gradients  away  from  the  probe 
surface  to  reduce  the  amount  of  data.  The  grid  is 
adapted  to  the  dimensions  of  the  boundary  layer. 
During  one  test,  3000  to  7000  spectra  are  recorded. 
With  a  measurement  time-optimized  set-up  including 
an  imaging  spectrometer  and  a  CCD-camera  used  as 
detector  which  can  detect  all  axial  positions  in  one 
shot,  the  measurement  of  one  complete  scan  requires 
a  measurement  time  between  20  and  30  minutes. 


Fig.  B2.19:  Measurement  grid  in  front  of  a  probe 


B2.3.3  Wavelength  Calibration 

Generally,  a  wavelength  calibration  should  be  done. 
Most  spectrometer  software  offers  a  procedure  to 
calibrate  the  single  detector  elements  although  a 
manual  calibration  is  also  possible.  For  this  purpose, 
the  radiation  of  a  calibration  lamp  with  emission  lines 
at  known  spectral  positions  is  measured.  Figure 
B2.20  shows  the  measured  spectrum  of  an  Hg-lamp 
which  is  one  of  the  most  commonly  used  calibration 
lamps. 


Fig.  B2.20:  Spectrum  of  an  Hg-calibration  lamp 


Normally,  the  spectrometer  is  adjusted  until  one  of 
the  known  emission  lines  appears  in  the  center  of  the 
detector  array.  Other  known  lines  are  used  to  perform 
a  polynomial  fit  (second  order  is  most  sufficient)  for 
the  wavelengths  of  the  other  pixels. 


B2.3.4  Intensity  Calibration 

If  the  absolute  intensity  of  the  emission  lines  has  to 
be  detected,  it  is  obvious  that  the  sensitivity  of  the 
detector  has  to  be  calibrated.  But  even  if  only  relative 
intensities  have  to  be  compared,  at  least  a  relative 
calibration  has  to  be  done.  The  calibration  is  done  by 
measuring  a  calibration  lamp  with  already  calibrated 
continuous  emission  (e.g.  a  tungsten  band  lamp  for 
the  visible  wavelength  region  or  a  deuterium  lamp  for 
the  UV). 

Sometimes,  only  the  spectrometer-detector  couple  is 
intensity  calibrated  which  is  done  by  illuminating  the 
whole  entrance  slit  of  the  spectrometer  with  the  light 
of  a  calibration  lamp.  In  this  case,  the  calibration 
lamp  is  placed  directly  in  front  of  the  entrance  slit. 
The  advantage  is  that  the  spectrometer-detector 
combination  has  to  be  calibrated  only  once  for  a 
given  wavelength  range.  The  disadvantage  of  this 
calibration  is  that  all  spectral  transmissions  of 
windows,  filters  and  lenses  in  the  optical  path  have  to 
be  known  accurately.  Additionally,  the  solid  angle 
and  the  imaging  factor  have  to  be  included  in  the 
final  evaluation. 

The  better  but  also  more  time  consuming  method  is  to 
place  the  calibration  lamp  at  the  measurement 
position  and  use  the  same  optical  path  as  in  the 
measurement  which  has  to  be  calibrated.  In  this  case, 
all  influences  on  the  signal  are  included  in  the 
calibration  procedure. 

Figures  B2.21  and  B2.22  show  the  calibrated 
emission  of  two  calibration  lamps  as  tabulated  by  the 
manufacturer  and  the  measured  values.  The 
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correction  factors  for  the  single  detector  elements  are 
included  in  the  diagram.  The  emission  of  the  tungsten 
band  lamp  drops  down  in  the  ultraviolet  wavelength 
region  where  the  deuterium  emission  is  rather  strong. 
On  the  other  hand,  the  emission  of  the  deuterium 
lamp  is  no  longer  continuous  in  the  visible 
wavelength  range.  Thus,  only  a  combined  calibration 
using  both  lamps  gives  a  valid  correction  factor. 
Since  the  deuterium  lamp  itself  is  calibrated  to 
spectral  irradiance,  the  correction  factors  have  to  be 
scaled  by  a  constant  factor  to  those  of  the  tungsten 
band  lamp  which  is  calibrated  to  spectral  radiance. 


Fig.  B2.21:  Calibrated  intensities  of  the  different 
calibration  lamps 


Fig.  B2.22:  Calibration  measurement  with 
different  calibration  lamps 


B2.3.5  Determination  of  Local 
Quantities 

A  main  disadvantage  of  emission  spectroscopic 
measurements  is  the  fact  that  the  measured  signal 
always  consists  of  an  integration  along  the  line  of 
sight  as  illustrated  in  Fig.  B2.23. 


Fig.  B2.23:  Typical  geometrical  configuration 

The  Abel  inversion  is  a  mathematical  technique 
which  allows  a  reconstruction  of  the  local  values 
from  a  vertical  profile  of  measured  (that  means 
integrated)  intensities  I(z )  as  long  as  rotational 


symmetry  of  the  radiation  within  the  measured 
volume  is  given. 

The  radiation  of  the  plasma  volume  is  described  by 
the  emission  coefficient  e(r).  The  measured  integrated 
intensity  I(z )  is  coupled  to  e(r)  by  the  Abel  equation: 


;(z)=2j 


r=z 


(B2.1) 


R  is  the  radius  of  the  measured  volume  while  r  is  the 
local  radius.  Solving  for  e(r)  gives 


44=4/ 


(dl/dz) 


■dz 


(B2.2) 


n  z=r  y]z2  -r2 
In  most  cases  an  analytical  solution  is  hard  to  find 
because  a  valid  approximation  of  the  integrated 
intensities  is  not  available.  Therefore,  a  numerical 
solution  is  used  where  the  emission  coefficient  is 
considered  to  be  constant  over  finite  rings  of  the 
regarded  volume.  A  refinement  can  be  implemented 
if  a  linear  transition  between  the  measurement 
position  is  postulated  to  approximate  the  continuous 
course  in  the  real  plasma.  Figure  B2.24  illustrates  the 
principle  of  the  numerical  Abel  inversion. 


Fig.  B2.24:  Principle  of  the  Abel  inversion 

Figure  B2.25  shows  the  measured  intensities  I(z)  and 
the  Abel-inverted  intensity  i(r).  The  Abel-inverted 
intensities  drop  down  to  negative  values  at  the 
borders  of  the  plasma  jet.  Theoretically,  this  could  be 
caused  by  absorption,  but  more  likely  these  values  are 
caused  by  numerical  errors  which  can  accumulate 
especially  in  the  border  region  where  intensities  are 
rather  low.  Generally,  the  Abel  inversion  reacts  very 
sensitively  to  functions  which  are  not  constantly 
differentiable.  For  this  reason,  a  smoothing  of  the 


z-posltk>n  [mm]  y-po^ton  [mmj 

Fig.  B2.25:  Measured  (left)  and 
Abel-inverted  (right)  intensity  distribution 

The  principle  discussed  is  easily  applicable  if  the 
local  intensity  distribution  within  the  plasma  is  of 
particular  interest  as  it  was  postulated  for  temperature 
determination  methods.  The  problem  becomes  more 
complicated  if,  in  addition  to  the  intensity 
distribution,  the  line  profile  also  has  to  be  resolved, 
for  example  to  determine  electron  densities  from 
Fabry-Perot  measurements  (see  section  B4).  Here,  the 
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line  broadening  changes  over  the  cross  section  as  the 
electron  density  changes. 

The  measured  intensity  I(z)  within  the  Abel  integral 
equation  is  not  only  described  by  the  emission 
coefficient  e(r)  but  also  by  the  line  profile  of  the 
emission  lines.  The  Abel  equation  becomes: 


'»)=:  J i,  '  ’ 

\z  -r 


dz  (B2.3) 


This  expression  gives  a  relation  between  the 
integrally  measured  broadening  AXB(z)  of  an 
emission  line  at  the  wavelength  X  with  the  local 
broadening  A\B(r).  If  e(r)  is  known  from  a 
conventional  Abel  inversion,  the  local  broadening 
can  be  calculated. 

The  above-mentioned  evaluation  procedure  is  also 
applicable  for  Fabry-Perot  measurements  but  one 
problem  arises  if  plasma  velocities  are  to  be  deter¬ 
mined  (see  section  B4.4).  In  this  case,  the  optical 
path  is  no  longer  rectangular  to  the  plasma  axis.  Here, 
the  assumption  of  rotational  symmetry  is  no  longer 
given  and  the  evaluation  of  the  measured  data 
becomes  more  difficult  [B2.15]. 


B2.4  Measurement  Results 

The  emission  spectroscopic  measurements  at  the  IRS 
concentrate  on  the  investigation  of  the  flow  field  in 
front  of  a  probe  in  the  plasma  jet  although 
investigations  of  the  free  stream  are  also  carried  out. 
In  this  section,  some  overview  spectra  are  presented 
before  the  investigation  of  the  boundary  layer  region 
by  the  measurement  of  atomic  and  molecular 
emission,  of  molecular  temperature  distributions  and 
of  erosion  products  are  discussed.  All  measurements 
were  taken  at  the  MPD-driven  plasma  wind  tunnel 
PWK  2. 


B2.4.1  Overview  Spectra 

Figure  B2.26  shows  the  radiating  species  measured  at 
the  plasma  condition  with  a  mass  flow  rate  of  8  g/s 
and  a  stagnation  pressure  at  the  probe  position  of 
800  Pa  yielding  a  SiC  surface  temperature  of  1700°C 
in  front  of  a  glowing  probe  and  a  water-cooled 
copper  surface. 

Generally,  the  emission  spectra  at  the  subsonic  air 
flows  typically  investigated  are  dominated  by  the 
emission  of  the  molecules  NO,  N2  and  N2+  in  the 
ultraviolet  and  by  the  molecular  emission  of  N2  and 
the  atomic  emission  of  nitrogen  N  and  oxygen  O  in 
the  wavelength  region  from  the  visible  to  the  near 
infrared.  In  front  of  a  glowing  material  probe,  strong 
emission  of  erosion  products  such  as  Si,  CN  and  C 
can  be  seen  in  the  UV. 


si 


wavelength  [nm] 

Fig.  B2.26:  Measured  plasma  emission  in  front  of 
a  water-cooled  copper  surface  and  an  SiC 
material  probe  at  1700°C 


B2.4.2  Integrated  Emission  as  Indicator 
for  the  Boundary  Layer 

There  are  several  different  purposes  for  these  kinds 
of  measurements.  Besides  the  characterization  of  the 
boundary  layer  shape,  a  main  purpose  was  the 
detection  of  NO  inside  the  boundary  layer  with  the 
available  emission  spectroscopic  equipment  [B2.16]. 
In  Fig.  B2.27  the  measured  emission  distribution  of 
NO  in  front  of  a  water-cooled  copper  surface 
positioned  at  the  plasma  jet  axis  at  a  plasma  state 
with  a  mass  flow  rate  of  8  g/s  and  a  stagnation 
pressure  of  800  Pa  at  a  distance  to  the  plasma  source 
of  368  mm  is  depicted.  The  rise  in  NO  radiation 
supports  the  theory  of  NO  formation  in  front  of  high 
catalytic  surfaces  such  as  copper. 


Fig.  B2.27:  Measured  NO  intensities  in  front  of  a 
water-cooled  probe 

The  ratio  of  N]  to  Or  is  also  regarded  as  a  good 
indicator  for  the  boundary  layer  borders. 
Figure  B2.28  shows  the  intensity  ratios  obtained  from 
the  measured  intensities  of  Ot  and  Ni  [B2.16],  The 
profile  indicates  a  location  of  the  boundary  borders  at 
about  8  mm  to  the  probe  surface.  The  increase  of  this 
ratio  at  the  borders  of  the  plasma  jet  indicates  an 
decrease  of  N  atoms  in  relation  to  the  O  atoms  due  to 
their  higher  recombination  energy. 
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Fig.  B2.28:  Ratio  of  Oj/Ni  obtained  from 
measured  intensities  in  a  3D-view 


B2.4.3  Detection  of  Erosion  Products 

Strong  radiation  of  erosion  products  has  been 
detected  in  front  of  an  SiC  sample  at  1700°C  at  a 
plasma  state  with  a  mass  flow  rate  of  8  g/s  and  a 
stagnation  pressure  of  800  Pa  at  a  distance  of 
368  mm  to  the  exit  plane  of  the  plasma  source. 


Fig.  B2.29:  Si  emission  line  intensity  at 
243.52  nm  in  the  measured  volume 


Figure  B2.29  shows  the  measured  line  of  sight 
emission  of  the  silica  emission  line  at  243.52  nm  in 
the  measured  volume  [B2.16],  The  influence  of  the 
erosion  products  can  be  detected  up  to  a  distance  of 
roughly  8  mm  to  the  probe  surface  which  corresponds 
to  the  boundary  layer  dimensions  obtained  from  the 
ratio  of  Ch  and  Ni  as  shown  in  section  B2.2.2. 


B2.4.4  Determination  of  Trot  and  TVib 
from  N2+  and  N2  Emission 

One  important  application  of  emission  spectroscopic 
measurements  as  performed  at  the  IRS  is  the 
determination  of  temperatures  from  the  measured 
emission  spectrum.  As  described  in  section  B2.2.4, 
the  rotational  and  vibrational  temperatures  are 
determined  from  the  combined  emission  of  the  N2+ 
First  Negative  system  and  the  N2  Second  Positive 
system.  The  temperatures  presented  are  obtained 
from  experiments  at  a  plasma  state  with  a  mass  flow 
rate  of  2  g/s  air  and  an  ambient  pressure  of  290  Pa 
[B2.8].  At  a  distance  of  467  mm  to  the  exit  plane  of 
the  plasma  source,  the  stagnation  pressure  reaches 
400  Pa  yielding  an  SiC  sample  temperature  of 
1280°C.  At  this  plasma  state,  erosion  is  rather  low. 
Therefore  all  differences  in  the  measured  data 
between  the  experiments  in  front  of  a  glowing  SiC 
sample  and  in  front  of  a  water-cooled  pressure  probe 
show  the  influence  of  the  much  higher  catalycity  of 
the  copper  surface.  Figures  B2.30  and  B2.31  show 
the  spatially  resolved  distributions  of  rotational 
temperature  in  front  of  a  water-cooled  pressure  probe 
with  a  copper  surface  and  in  front  of  a  glowing  SiC 
material  probe  at  1280°C.  The  strongly  rising 
temperatures  in  front  of  the  probe  surface  result  from 
non-equilibrium  effects  such  as  deviations  from  the 
assumed  Boltzmann  distributions  or  disturbances  of 
the  emitted  spectra  by  molecules  other  than  N2+  or  N2 
which  are  not  included  in  the  simulation.  For  this 
reason,  the  temperature  values  close  to  the  surface  are 
no  longer  reliable  but  clearly  show  the  non¬ 
equilibrium  effects  and  thus  the  shape  of  the 
boundary  layer. 

The  same  distributions  for  the  vibrational  temperature 
are  given  in  Figs.  B2.32  and  B2.33.  Here,  the  effects 
of  the  different  materials  on  the  temperatures  are 
even  stronger. 

Figures  B2.34  and  B2.35  show  the  correlation  factors 
obtained  from  the  measured  data  in  front  of  the 
different  surfaces.  Again,  the  non-equilibrium  effects 
in  front  of  the  copper  surface  are  much  stronger  than 
in  front  of  the  SiC  surface.  The  boundary  layer  is 
thicker  and  the  gradients  are  stronger  in  the  case  of  a 
copper  surface. 

As  clearly  seen  in  the  temperature  distributions,  the 
effects  of  surface  catalycity  on  the  boundary  layer 
shape  can  easily  be  accessed  by  the  temperature 
measurements.  Thus,  the  correlation  coefficient 
which  expresses  the  degree  of  resemblance  between 
the  measured  data  and  the  computed  spectra  is  a  well- 
suited  indicator  for  the  boundary  layer  shape. 
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Fig.  B2.14:  Rotational  temperature  distribution 
in  front  of  an  SiC  sample  at  1280°C. 
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Fig.  B2.16:  Vibrational  temperature  distribution 
in  front  of  an  SiC  sample  at  1280°C. 
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Fig.  B2.15:  Rotational  temperature  distribution 
in  front  of  a  water-cooled  copper  surface. 
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Fig.  B2.17:  Vibrational  temperature  distribution 
in  front  of  a  water-cooled  copper  surface. 
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Fig.  B2.18:  Correlation  factors  in  front  of  an  SiC 
sample  at  1280°C. 


Fig.  B2.19:  Correlation  factors  in  front  of  a 
water-cooled  copper  surface. 
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B3  Absorption  Spectroscopy 

With  absorption  spectroscopy,  the  absorption  of 
electromagnetic  radiation  by  the  particles  of  the 
transmitting  medium  is  investigated.  The  method  is 
based  on  the  same  quantum  mechanical  processes  as 
emission  spectroscopy,  only  that  energy  is  absorbed 
and  not  emitted  by  the  plasma. 

As  already  seen,  atoms  and  molecules  emit  energy  in 
form  of  electromagnetic  waves  if  they  are  thermally 
or  electrically  excited.  Accordingly,  light  is  absorbed 
at  discrete  lines  if  the  radiation  of  a  continuous  light 
source  is  transmitted  through  a  gas.  These  absorption 
lines  correspond  to  the  discrete  energy  levels 
necessary  for  the  excitation  of  atoms  and  molecules 
in  the  gas  [B3.1].  The  continuous  spectrum  of  the 
calibration  lamp  observed  through  the  absorbing 
medium  (e.g.  the  gas  or  plasma)  therefore  shows 
weaker  intensities  at  these  discrete  lines.  If  the 
medium  is  regarded  rectangular  to  the  optical  axis 
where  the  continuous  radiation  is  not  visible,  an 
emission  line  at  the  same  wavelength  as  the 
absorption  line  is  visible  due  to  the  short  life  time  of 
the  excited  state.  It  can  be  shown  that  not  only  the 
wavelength  but  also  the  amount  of  radiation  is  the 
same  in  emission  and  in  absorption.  This 
phenomenon  is  called  resonance  fluorescence.  Figure 
B3.1  shows  the  absorption  and  the  emission  spectrum 
of  sodium. 
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Fig.  B3.1:  a)  Absorption 

and  b)  emission  lines  of  sodium 

Usually  absorption  spectroscopy  is  used  at 
temperatures  below  3000K.  At  these  plasma  states, 
the  biggest  part  of  the  atoms  and  molecules  (= 
99.9%)  is  in  the  ground  state.  In  this  case,  only 
absorption  from  these  ground  states  is  possible.  The 
resulting  series  are  called  main  series,  the  lines 
themselves  resonant  lines.  If  there  are  remarkable 
amounts  of  excited  states,  the  transitions  already 
known  from  the  emission  spectroscopic  formulas  can 
be  obtained  and  the  absorption  spectrum  becomes 
very  similar  to  the  emission  spectrum. 

Due  to  the  high  temperatures  in  plasma  wind  tunnels, 
an  application  of  absorption  spectroscopy  is  seldom 
possible.  A  more  common  application  is  absorption 
spectroscopy  in  flames,  where  temperatures  are  lower 
[e.g.  B3.2andB3.8]. 

B3.1  The  Coefficient  of 
Absorption 

The  total  amount  of  energy  absorbed  per  time  and 
volume  unit  can  be  written  as: 

eabs  =  B,nnnmIvhV  (B3-1) 

with: 


2B-52 


nm  number  of  particles  in  the  absorbing  state  per 
volume  unit 
hv  radiation  energy 
/v  spectral  energy  density 

The  factor  Bmn  is  the  Einstein  transition  probability 
for  absorption  for  the  transition  m  ->  n  and  describes 
the  number  of  absorbing  particles  per  time  unit  and 
per  spectral  energy  density  in  [mTs'2].  The  product 
Bm„  Iv  is  an  expression  for  the  portion  of  particles  in 
the  state  m  which  absorb  one  photon  with  the  energy 
hv  per  time  unit. 

The  total  amount  of  energy  absorbed  per  time  and 
volume  unit  can  also  be  expressed  by  the  product  of 
the  number  of  absorbed  photons  and  their  energy: 

eabs  —  Kmnnmdv  (B3.2) 

where  Km„  is  the  coefficient  of  absorption.  Combining 
both  equations  yields: 

(B3.3) 

The  coefficient  of  absorption  has  the  unit  [m2s]  and  is 
a  measure  for  the  amount  of  radiation  of  the 
frequency  v  that  can  be  absorbed  by  one  particle. 

In  reality,  similar  to  the  emission  lines  each 
absorption  line  has  a  certain  line  width  which  is 
produced  by  various  effects  (see  section  B2.1.2). 
Basically,  the  expression  for  coefficient  of  absorption 
represents  an  integration  over  this  line  width  and  can 
be  written  as: 


=  JK'mn(v  )dv 


(B3.4) 
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Absorption  Measurements 
of  Particle  Densities 


Atoms  are  capable  of  absorbing  radiation  in  only  a 
very  narrow  frequency  interval.  For  this  reason,  the 
radiation  source  has  to  meet  some  special 
requirements.  Although  continuous  radiators  emit  a 
high  total  amount  of  radiation,  the  emitted  intensity 
within  the  important  spectral  region  is  mostly  too 
weak  to  stimulate  remarkable  absorption.  A  lamp 
which  emits  the  same  spectrum  as  the  investigated 
element  or  a  laser  is  often  a  better  choice. 

With  such  a  set-up,  the  selected  spectral  line  has  to  be 
separated  from  the  other  emission  lines  emitted  by  the 
same  element  using  a  spectrometer.  Figure  B3.2 
shows  an  experimental  set-up  for  these  kinds  of 
measurements. 

A  line  radiator  such  as  a  hollow  cathode  lamp  (or  a 
laser  if  available)  emits  the  spectrum  of  the 
investigated  element.  Within  the  plasma,  part  of  the 
incoming  radiation  is  absorbed  at  the  resonant  line. 
This  part  is  directly  proportional  to  the  amount  of 
particles  in  the  corresponding  state  of  excitation. 
Spectral  lines  that  don’t  exist  in  absorption  are 
transmitted  without  any  reductions.  The  number  of 
excited  particles  in  the  low  temperature  range 
(<  3000  K)  is  usually  much  smaller  than  the  number 
of  particles  in  the  ground  state.  Therefore,  in  most 
cases  the  ground  state  particle  density  is  determined 
by  absorption  spectroscopic  measurements.  After  the 
spectral  decomposition  in  the  monochromator,  the 


absorption  line  is  separated  and  all  other  emission 
lines  are  eliminated.  The  detector  „sees”  only  one 
line.  The  comparison  with  the  originally  emitted  line 
gives  the  absorption. 


Fig.  B3.3:  Principle  of  absorption  measurements 

To  determine  nm  ,  the  radiant  energy  fluxes  have  to 
be  regarded.  According  to  Lambert's  law  the  relation: 

0Q,  =  e~K™nmd  (B3.5) 

is  given,  where  <j)Dv  and  <j>0v  represent  the  spectral 

radiative  flux  prior  to  and  after  the  transmission 
through  the  absorbing  region  of  the  thickness  d. 

If  d  is  known  and  Km„  can  be  determined  for  the 
specified  absorption  line,  the  particle  density  in  the 
state  m  (usually  the  ground  state)  is  obtained  from: 

A  (B3.6) 
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The  above  equation  is  valid  as  long  as  the  half  width 
of  the  emission  line  of  the  radiation  source  is 
remarkably  lower  than  that  of  the  absorbing  line.  If 
not,  a  part  of  the  emitted  radiation  at  both  (spectral) 
sides  of  the  absorption  line  can  not  be  absorbed 
which  influences  the  results. 

Furthermore,  nm  has  to  remain  constant  over  d. 
Otherwise,  an  Abel-inversion  of  the  measured  data 
has  to  be  performed  to  obtain  local  particle  densities 
(see  section  B2.3.5). 


B3.3  Experimental  Set-up 

The  principle  set-up  of  an  absorption  spectrometer  is 
rather  simple  and  can  be  recognized  in  Fig.  B3.2.  But 
such  a  simple  system  has  some  important 
disadvantages: 

As  mentioned  above,  the  number  of  excited  particles 
in  the  low  temperature  range  (<  3000  K)  is  usually 
much  smaller  than  the  number  of  particles  in  the 
ground  state.  In  spite  of  that,  the  emission  of  the 
absorbing  region  is  known  to  disturb  the  absorption 
measurements  of  such  a  simple  setup,  especially  if 
other  elements  (for  example  molecules  with 
numerous  emission  lines)  exist.  These  effects  can 
become  important.  If  it  is  not  possible  to  separate  the 
investigated  line  from  other  emission  lines,  so  called 
spectral  interferences  are  obtained.  In  this  case,  the 
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ratio  <1>d/(<|>o+<|>e)  is  measured  instead  of  <|>d/<1>o,  where 
<|>E  is  the  intensity  of  an  additional  emission  line  of  the 
frequency  v'.  The  observed  absorption  is  smaller  than 
its  real  value.  In  some  cases,  a  negative  absorption 
represented  by  a  transmittance  >1.0  will  result. 

To  eliminate  disturbing  emission  lines,  most 
absorption  spectrometer  work  is  based  on  the 
chopped-light  (AC)  principle  which  is  illustrated  in 
Fig.  B3.3a  and  no  longer  on  the  simple  continuous- 
light  (DC)  system.  The  experimental  setup  is  almost 
the  same  but  the  radiation  of  the  reference  source  is 
mechanically  or  electrically  modulated  with  a  certain 
frequency.  The  amplifier  electronics  are  synchronized 
with  this  modulation  frequency  (..selective 
amplifier”).  Only  the  part  of  the  radiation  which  is 
oscillating  with  the  modulation  frequency  is 
amplified  so  that  the  disturbing  emission,  which  does 
not  oscillate,  loses  importance.  Spectral  interferences 
by  disturbing  emission  are  minimized. 

Another  refinement  of  this  set-up  which  eliminates 
additional  error  sources  is  given  by  the  two  beam  AC 
system,  shown  in  Fig.  B3.3b.  With  this  system,  the 
radiation  of  the  primary  radiation  source  is  separated 
by  a  rotating  mirror  into  a  measured  beam  (<|)d)  and  a 
reference  beam  (<t>o).  After  <bD  has  passed  the 
absorbing  volume,  both  beams  are  reunited.  The 
electronics  of  the  system  builds  the  ratio  of  these  two 
beams.  Both  beams  are  created  by  the  same  radiation 
source,  pass  the  same  monochromator,  are  detected 
by  the  same  detector  and  are  amplified  by  the  same 
amplifier.  If  the  rotation  frequency  of  the  mirror  is 
higher  than  the  expected  disturbances,  changes  in  the 
primary  radiation  source  strength  or  fluctuations  in 
detector  sensitivity  or  amplifier  power  appear  in  both 
measured  signals  and  no  longer  appear  in  the  ratio  of 
both  signals. 
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Fig.  B3.5:  Working  principle  of  absorption 
spectrometers:  a)  chopped-light-system 
b)  two  beam  AC-system 


B3.4  Applications 

Some  of  the  main  applications  for  absorption 
spectroscopy  are  found  in  astrophysics.  Here, 
numerous  investigations  of  stars  and  the  atmospheres 
of  other  planets  have  been  done  . 

The  concentration  of  atomic  or  molecular  impurities 
in  air  can  be  determined  using  absorption 
spectroscopic  methods  [B3.3].  Molecular  absorption 
spectroscopy  in  the  far  infrared  wavelength  region  is 
used  in  shock  tubes  to  investigate  relaxation 


processes  [B3.4  to  B3.6],  For  these  applications, 
lasers  are  used  as  light  source.  Also  the  investigation 
of  combustion  processes  by  absorption  spectroscopic 
measurements  of  flames  at  rather  low  temperatures 
offers  another  broad  range  of  applications. 

Further  fields  of  applications  are  the  tracing  of  metal 
estimations  either  in  solid  food  stuffs  or  organic 
materials  (  e.g.  estimation  of  Mercury  in  water/fish  by 
flameless  Atomic  Absorption  Spectroscopy  (A.A.S.), 
soil  analysis  ).  Another  growing  field  is  the 
application  of  A.A.S.  in  Clinical  Chemistry  [  B3.8]. 
For  plasma  wind  tunnel  applications  some  restrictions 
to  absorption  spectroscopic  methods  appear.  First,  in 
most  cases  the  temperatures  are  rather  high  yielding  a 
highly  excited  plasma.  Thus,  the  particle  densities 
determined  by  absorption  spectroscopy  are  no  longer 
necessarily  coupled  to  the  ground  state  density. 
Furthermore,  the  highest  thermal  loads  on  a 
reentering  space  vehicle  occur  at  high  altitudes  and 
low  pressures.  Here  the  plasma  usually  can  be 
regarded  as  optically  thin  which  complicates 
absorption  spectroscopic  measurements. 

If  a  laser  is  used  instead  of  a  continuous  light  source, 
a  better  sensitivity  of  the  setup  is  provided  but  still 
the  above  mentioned  restrictions  are  valid. 

An  exception  is  given  if  the  absorbed  energy  is 
measured  not  by  the  attenuation  of  the  laser  beam  but 
by  the  radiation  of  the  stimulated  emission.  This 
method  is  called  laser  induced  fluorescence  and  is 
described  in  section  B5.1. 


B3.4.1  Determination  of  the  Plasma 
Transmittance 

Even  if  the  application  as  described  above  is  not 
possible,  absorption  spectroscopic  measurements  can 
be  very  useful  for  the  correction  of  all  other  optical 
measurement  methods.  In  this  case,  the  spectral  range 
as  well  as  the  apparatus  used  are  defined  mainly  by 
the  measurement  method  to  which  the  correction  will 
be  applied.  The  knowledge  of  the  plasma  absorbance 
and  transmittance  over  a  certain  wavelength  range  for 
example  is  of  particular  interest  if  the  surface 
temperature  of  a  material  probe  inside  a  plasma  jet  is 
determined  using  pyrometers.  Absorption  of  the 
radiation  emitted  by  the  material  probe  in  the 
surrounding  plasma  yields  errors  in  the  determined 
surface  temperature  if  the  absorbed  part  of  the 
emitted  radiation  can  not  be  quantified.  Absorption 
spectroscopy  is  in  use  for  the  selection  of  suitable 
filters  for  linear  pyrometers  in  order  to  avoid  this 
error  source.  The  required  transmittance 
measurements  do  not  necessarily  have  to  be 
performed  spectrally  resolved  and  a  pyrometer  can  be 
used  instead  of  a  spectrometer  (see  Fig.  B3.4). 
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[B3.8] 


Fig.  B3.6:  Determination  of  the  plasma 
transmittance 


The  reference  source,  which  should  radiate  at  the 
same  magnitude  of  total  radiation  as  the  material  to 
be  measured,  is  placed  outside  the  vacuum  chamber 
and  measured  by  the  detector  through  the  plasma.  By 
comparing  the  measured  signal  without  plasma  IR 
with  the  signal  transmitted  through  the  plasma  IR+P! 
the  transmittance  can  easily  be  obtained.  If  the 
plasma  itself  emits  within  the  selected  wavelength 
region,  an  additional  measurement  of  the  plasma 
without  the  reference  source  IPi  has  to  be  performed 
and  subtracted  from  the  signal  of  plasma  and 
radiation  source.  The  transmittance  of  the  plasma  is 
given  by: 


_  Ir+pi  ~  Ipi 
Ir 


(B3.7) 


If  the  measurement  is  performed  using  a 
spectrometer,  the  spectral  transmittance  is  obtained. 
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B4  Fabry  Perot  Interferometry 

A  Fabry  Perot  interferometer  is  a  high  resolution 
spectral  device  based  on  the  principle  of  multiray 
interference.  It  can  be  used  to  measure  particle  speeds 
and  translational  temperatures.  Contrary  to,  for 
example,  electrostatic  probe  measurements,  this 
method  provides  the  speed  and  temperature  of  the 
plasma  by  optical  means.  All  of  the  necessary 
elements  and  devices  for  the  measurements  are 
located  outside  of  the  vacuum  tank  and  therefore  do 
not  influence  the  plasma  stream. 

Axial  and  any  azimuthal  speed  components  of  the  ac¬ 
celerated  plasma  particles  that  appear  are  measured 
by  means  of  the  Doppler  shift  of  their  emission  lines. 
The  Doppler  shift  can  be  directly  determined  by 
simultaneously  displaying  the  plasma  line  with  a 
reference  line  which  has  not  been  shifted.  With  the 
conditions  in  the  plasma  wind  tunnel  PWK2  heavy 
particle  velocities,  for  instance  of  atomic  nitrogen,  of 
approximately  1000  to  5000  m/s  give  Doppler  shifts 
of  approximately  A^D=  0.002  to  0.013  nm.  To 
determine  this  shift,  a  high  resolution  spectrum  is 
necessary.  This  spectrum  can  best  be  achieved  by 
means  of  a  so-called  Fabry  Perot  Interferometer 
(FPI). 

Futhermore,  by  determing  the  Doppler  broadening 
the  heavy  particle  translational  temperature  and  if 
applicable  the  radial  speed  components  of  the  plasma 
particles  can  be  ascertained.  As  with  emission 
spectroscopy,  it  is  not  a  local  measurement  but  a  kind 
of  average  over  the  beam  cross  section  that  can  be 
performed  with  this  method.  However,  this 
disadvantage  can  also  for  the  most  part  be  eliminated 
with  a  subsequent  mathematical  resolution  by  means 
of  an  Abel  inversion,  as  explained  in  section  B4.5. 
The  examined  beam  cross  sections  are,  however,  not 
axially  symmetrical.  This  complicates  the  Abel 
inversion  method  explained  in  B2.3.5.  A  solution  is 
given  in  [B4.1], 


B4.1  Theoretical  Principles  of 
Fabry -Perot  Interferometry 

The  Fabry-Perot  interferometer  was  introduced  by 
two  French  opticians,  Charles  Fabry  and  Alfred 
PEROT,  in  1897.  It  essentially  consists  of  two  glass 
plates  with  a  reflective  coating  on  one  side  of  each 
plate.  The  plates  are  positioned  parallel  to  each  other 
and  are  a  few  micrometers  to  a  few  meters  apart. 

The  function  of  an  FPI  is  based  on  the  interference  of 
a  smooth  wave  through  multiple  reflections  on  two 
mirror  plates.  This  phenomenon  can  also  be 
explained  by  the  multiple  reflections  in  a  plane 
parallel  plate.  One  differentiates  between  so-called 
constructive  and  destructive  interference.  Construe- 
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tive  interference  appears  when  the  phase  shift  of  two 
overlapping,  smooth  waves  is  an  integer  multiple  of  2 
7t  (see  Fig.  4.1).  Otherwise  a  destructive  interference 
exists. 


In  the  case  of  a  Fabry-Perot  interferometer  the 
multiple  reflection  takes  place  on  the  translucent 
inner  surfaces  of  two  parallel  glass  plates.  As  Fig. 
B4.2  shows,  an  aperature  partition  on  the  optical  axis 
in  the  focal  point  of  lens  2  has  the  effect  that  only 
almost  parallel  light  (6  =  0°)  makes  it  through  the 
FPI.  If  the  medium  has  the  refractive  index  n  between 
the  plates,  the  following  condition  for  the  intensity 
maximum  of  order  m  results: 


m^0=2nd  (B41) 


Monoctromatic  FEfciy-Perot  CdlecSng  lens 

lightsouce  Interferometer 


Fig.  B4.2:  Schematic  construction  of  a  Fabry- 
Perot  interferometer 

The  Fabry-Perot  interferometer  can  be  adjusted  to  a 
declared  wavelength  by  varying  the  parameters  n  or 
d.  Changing  the  refractive  index  of  the  medium 
between  the  plates,  for  example  by  changing  the 
pressure,  is  difficult.  Modern  FPIs  are,  therefore, 
adjusted  by  changing  the  distance  between  the  plates. 
With  the  instrument  in  use  at  the  IRS,  one  of  the 
plates  is  shifted  by  means  of  piezoelectric.  The 
piezoelectric  elements  are  steered  through  a  ramp 
generator  and  in  this  way  they  create  a  linear, 
periodic  translational  movement.  This  kind  of 
scanning  makes  it  possible  to  represent  several 
interference  arrangements  of  a  certain  wavelength  or 
rather  makes  it  possible  for  a  defined,  narrow 
wavelength  area  to  go  through. 


B4.2  The  Airy  Function 

The  intensity  Ij  of  the  waves  penetrating  the  FPI  is 
among  other  things  dependent  on  the  transmission  T 
of  an  FPI.  The  intensity  is  defined  as  the  percentage 
permeability  in  the  exact  resonance  distance  of  the 
mirror  plates  for  a  certain  wavelength  Ao,  that  means 
as  a  quotient  of  the  intensities  with  and  without  FPI  in 
the  path  of  the  detecting  optics.  The  reduction  of 
intensity  caused  by  the  FPI  is  essentially  determined 
by  the  absorption  and  the  scattering  losses  on  the 
layers  of  the  mirror-coating  substrata,  expressed  by 
the  mirror  depending  constant  As  and  the  reflection 
degree  R  on  the  mirror  layers.  In  order  to  describe  the 
relationship  of  the  transmitting  to  incoming  intensity 
/7//j,  the  so-called  Airy  function  is  used  which  is 
given  by: 

?  (i  -nf  •  (B4-2) 

l‘  (i-Rf  +4Rsin2- 
2 

Here  8  is  the  phase  shift  of  an  electromagnetic  wave, 
caused  by  the  reflections  on  the  mirrors’  surfaces.  If  8 
is  a  multiple  of  27t,  then  constructive  interference 
occurs.  In  this  case 
4tt 

8=  —  ndcosQ=2n-m  (B4.3) 

Xq 

is  valid,  with  n  as  the  refractive  index  inside  the  FPI, 
d  as  the  spacing  between  the  mirror  plates,  0  as  the 
angle  of  the  incoming  wave,  Ao  as  the  wavelength  of 
the  transmitted  light  and  m  as  the  number  of  the 
interference  order.  The  Airy  function  is  shown  in  Fig. 
B4.2  for  various  degrees  of  reflection. 


Fig.  B4.2:  Intensity  relationship  ljlli  for  various 
degrees  of  reflection  as  a  function  of  8. 

For  a  given  optical  thickness  nd  the  Airy  function 
describes  a  whole  system  of  concentric  interference 
rings  when  the  order  m  of  the  interferences  is 
equivalent  to  a  whole  number  (m  =  1,  2,...)  according 
to  Eq.  B4.1.  For  small  degrees  of  reflection  R  wide 
interference  rings  result  and  the  contours  become 
more  and  more  defined  as  the  degree  of  reflection 
increases. 

A  measure  for  the  definition  of  the  interference  rings 

is  given  by  the  so-called  half-width  X,  which  means 
the  width  of  the  profile  at  half  the  height  of  the 
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intensity  maximum.  For  an  interference  ring  of  the 
order  m  the  intensity  is  reduced  by  half.  Hence  it 
follows  that  the  half-width  of  the  interference  ring 
results  in: 


X  = 


4 


I  4R 

V  o-r)2 


(B4.3) 


The  mirror  plates  used  in  the  FPI  at  the  IRS  have  a 
dielectric  wideband  coating  with  a  degree  of 
reflection  of  R= 94%  and  a  transmission  area  of  400 
nm  to  800  nm. 


B4.3  Characteristic  Quantities 
of  a  Fabry -Perot  Interferometer 

In  order  to  effectively  use  an  FPI  as  a  high  resolution 
spectrometer  for  a  certain  measurement  task,  one 
must  optimize  the  system  in  order  to  maximize  the 
resolution  of  the  system. 


B4.3.1  The  Resolution 

The  resolution  of  the  FPI  determines  the  ability  to 
separate  two  spectral  lines  which  are  very  close 
together.  The  resolution  is  of  great  importance  for  the 
plasma  wind  tunnel  application.  For  the  practical  use 
of  the  FPI  for  the  purposes  of  detecting  and 
identifying  spectral  lines,  the  Rayleigh  criteria  can  be 
used  (for  Rayleigh  see  chapter  B5).  This  is  shown  in 
Fig.  B4.3a.  Two  spectral  lines  must  be  clearly 
separated  by  means  of  a  drop  in  intensitiy  to  at  least 
81%.  To  use  the  FPI  to  determine  the  Doppler  shift 
and  broadening,  which  is  explained  in  sections  B4.4 
and  B4.5,  one  is  dependent  on  an  exact  determination 
of  the  central  wavelength  Xfj  related  to  the  maximum 
intensity.  It  is  only  possible  to  determine  this  when 
the  observable  profile  of  two  spectral  lines  can  be 
clearly  seperated  at  the  height  of  their  half-width. 

observed  profile 


Fig.  B4.3:  a)  unresolvable  and  b)  resolvable 
spectral  lines  related  to  the  measurement  of 
Doppler  effects 


free  spectral  area  AXp,  Both  are  explained  below.  I  is 
calculated  from  the  quotient  of  both  according  to: 


A^A  = 


A  Xp 

~Fn 


2ndFN 


(B4.7) 


B4.3.2  The  Finesse 

The  quality  of  an  FPI  is  described  by  the  so-called  in- 
strmental  finesse  F  of  the  interferometer.  The  finesse 
is  used  to  measure  the  performance  of  the  FPI  and  de¬ 
scribes  the  ability  to  resolve  the  spectral  lines  which 
are  very  close  together.  The  larger  the  finesse  of  an 
FPI,  the  higher  the  resolution.  The  instrumental 
finesse  F  is  determined  by  the  indivual  finesses  of  the 
degrees  of  reflection  FR  and  the  finesse  Ff  of  the 
smoothness  of  the  mirror  plates.  If  an  FPI  is  operated 
as  a  spectra]  device,  in  addition  to  the  instrumental 
finesse  the  characteristics  of  the  collecting  optics 
which  follow  the  FPI  must  be  taken  into 
consideration.  The  useful  finesse  FN  contains  in 
addition  the  finesse  of  the  aperature  partition  FP  and 
the  refraction  finesse  FD.  This  can  be  calculated  as 
follows: 


The  equation  clearly  shows  that  the  useful  total 
finesse  FN  worsens  and  the  values  decrease  compared 
to  the  apparatus  constants  F.  As  a  result,  the 
collecting  optics  following  the  FPI  should  be 
subjected  to  an  optimization  to  keep  the  useful 
finesse  FN  as  close  as  possible  to  the  value  of  the 
instrumental  finesse  F. 


B4.3.3  The  Free  Spectral  Range 

During  movement  of  the  FPI  mirror  plates,  that  is 
when  the  distance  d  between  them  is  varied,  the 
various  orders  of  interference  of  the  wavelength 
under  observation  move  across  the  detection 
apparatus,  for  example  across  the  aperture  partition  in 
front  of  the  detector  in  Fig  B4.2.  The  free  spectral 
range  A Xp  of  the  FPI  describes  the  wavelength 
interval  in  which  light  is  represented  under  the  same 
order.  It  is  given  by 

X2 

AXF=1T7  (B4.6) 


This  is  not  the  case  in  Fig.  B4.3a.  The  central 
wavelength  must  be  determined  from  the  middle  of 
the  half-width  as  shown  in  Fig.  B4.3b.  According  to 
this,  the  resolution  AA,^  of  the  FPI  is  defined  as  the 
half-width  of  a  perfectly  monochromatic  spectral  line 
of  the  wavelength  Xq.  The  useful  resolution  AXj\ 
depends  on  two  characteristic  quantities  of  a  Fabry- 
Perot  interferometer:  the  usable  finesse  Fp)  and  the 


The  free  spectral  range  of  the  FPI  can  therefore  be 
influenced  by  the  variation  of  the  distance  between 
the  mirror  plates  d.  In  order  to  minimize  the  free 
spectral  range,  the  mirror  plates  have  to  be  far  apart. 
But  on  the  other  hand,  the  useful  total  finesse  FN 
decreases  with  increasing  distance  [B4.1],  The 
resolution  finally  approaches  a  minimum 
asymmetrically.  It  is  already  close  to  this  value  in  the 
case  of  nitrogen  (NO  at  a  distance  of  approximately 
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3mm  [B4.2].  The  free  spectral  range  can  be 
determined  experimentally  by  measuring  two  orders 
of  a  strictly  monochromatic  spectral  line,  for  example 
of  a  laser. 


B4.4  Doppler  Shift  and  Heavy 
Particle  Speed 

The  Doppler  effect  was  discovered  by  Christian 
Doppler  in  1843  while  investigating  the  propagation 
of  sound.  He  found  out  that  the  frequency  of  a  sound 
changes  when  a  relative  movement  takes  place 
between  the  acoustic  source  and  the  sound  receiver. 
This  effect  can  also  be  applied  to  optics.  If  a  light 
emitting  medium,  for  example  a  plasma,  is  moving 
with  a  speed  v  and  the  emitted  light  is  observed  by  a 
stationary  receiver  under  an  angle  a  to  the 
propagating  medium,  the  following  equation  is  valid 
between  the  wavelength  X  measured  by  the  receiver 
and  the  actual  emitted  wavelength  Xq\ 


A 

Xo 


,  v 

1  —  cosa 
c 


(B4.8) 


Here  c  represents  the  speed  of  light  and  a  is  the  angle 
between  the  normal  to  the  wave  vector  of  the 
spreading  light  and  the  speed  v  of  the  emitting 
particle.  For  plasma  wind  tunnel  applications  a 
indicates  the  angle  between  the  optical  axis  of  the  FPI 
and  the  flow  vector  of  the  plasma  stream  (see  Fig. 
B4.4).  Because  v  is  generally  very  small  compared  to 
c,  the  root  in  the  equation  above  can  be  set  at 
approximately  1.  If  the  denominator  in  the  equation 
above  is  developed  in  a  binomic  row,  while 
neglecting  the  term  to  the  second  and  higher  orders 
the  result  is  finally  the  following  equation  for  the 
Doppler  shift  A X[y. 


Akj)  =  X-Xq  =  Aq— cosa  .  (B4.9) 

c 

From  this  equation  the  plasma  velocity  v  can  be 
determined  from  the  Doppler  shift  measurement.  The 
chosen  angle,  however,  must  be  large  enough  so  that 
AAd  is  larger  than  the  resolution  XX A  0f  the  FPI. 


B4.5  Doppler  Broadening  and 
Heavy  Particle  Translational 
Temperature 

While  observing  a  plasma  volume  emitting  radiation 
from  any  angle,  a  Doppler  broadening  of  the  spectral 
line  being  observed  occurs  due  to  the  random  thermal 
movement  (vf^)  of  the  plasma  particles.  This  Doppler 

broadening  AX.J  results  from  the  overlapping  of 
Doppler  shifts  AX  for  which  the  following  is  valid: 


AX  =  iAp  ■ 
c 


(B4.ll) 


Contrary  to  the  speed  v  in  Eq.  B4.9,  vth  is  not  a 
directed  speed  and  the  change  in  the  wavelength  is 
therfore  also  not  dependent  on  the  angle.  Because, 
however,  the  thermal  speed  is  a  function  of  the 
translational  temperature  Ttr  of  the  corresponding 
particle,  the  temperature  7/r  can  be  determined  by 
determining  AA/p. 

A  purely  thermal  movement  of  the  emitting  particle 
corresponds  to  the  distribution  of  the  thermal  speeds 
of  a  Maxwell  distribution.  The  particle  concentration 
dn  with  a  thermal  speed  in  the  interval  between  v  and 
v  +  dv  is  given  by: 


dn 


j  m 

exp 

(  2  i 

mv 

j  InkTff 

2  kTtr 

K  / 

\dv 


(B4.12) 


Here  k  is  the  Boltmann  constant,  n  is  the 
concentration  of  the  emitting  particles  and  m  their 
mean  mass.  If  v  is  replaced  by  dv  using  Eq.  (B4.ll) 
and  its  derivative  the  result  is: 


dn 

n 


2 nkTtrX^ 


me 2  ( AX ^ 


to  • 


(B4.13) 


In  a  so-called  optically  thin  plasma  the  radiation 
absorption  plays  only  a  minor  role  and  the  intensities 
of  the  spectral  lines  being  observed  are  proportional 
to  the  concentration  of  the  emitting  particles.  In  a  low 
pressure  plasma  wind  tunnel,  an  optically  thin  plasma 
can  be  assumed.  Following  Eq.  (B4.13),  the  result  for 
the  intensity  of  a  Doppler  broadened  spectral  line  is  a 
distribution  according  to: 


I(AX)=I0 


|  me2 

f  me2  I 

(AX)2) 

9  eXP 

V  2nkTtrX^ 

2kTtr  1 

V 

/ 

(B4.14) 


Here  1q  is  the  entire  intensity  of  the  spectral  line  and 
herewith  l(AX)  the  intensity  at  a  distance  of  AX  to  the 
unshifted  center  Xo .  The  width  of  the  spectral  line  at 
half  maximum  counts  as  Doppler  broadening. 
According  to  the  equation  above  this  is  the  case  when 
the  exponential  term  assumes  the  value  1/2. 
Therefore 


AX  - 


2  ton  2  ^ 

V  2  0 

V  me 


(B4.15) 


is  valid.  Because  the  distribution  of  the  spectral  line 
is  symmetric  under  these  assumptions,  the  entire 
Doppler  broadening  results  in  AXj-2AX,  and 
herewith  for  the  translational  temperature  of  the 
emitting  particles, 

mc^AX?x 

Ttr  =  9  —  (B4-16) 

8/;Aq  ■  In  2 


is  attained. 
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B4.6  Experimental  Set-up 

Two  experimental  set-ups  are  in  use  at  the  IRS  for  the 
Fabry-Perot  interferometry.  The  first  experimental 
set-up  is  completely  outside  the  vacuum  tanks  and 
can  be  applied  to  every  plasma  wind  tunnel  in 
operation.  The  second  experimental  set-up  uses  fiber 
optics  for  sampling  and  monitoring  the  plasma 
emission  on  the  FPI.  For  the  first  set-up,  shown  in 
Fig.  B4.4,  emitted  light  of  the  plasma  jet  is  sampled 
with  a  collimating  optic  through  an  optical  window. 
A  plano-convex  lens  with  a  focal  length  of  2000  mm 
or  1500  mm  is  focused  on  the  centerline  of  the 
plasma  plume  via  a  steerable  mirror.  Different  angles 
of  incidence  are  adjustable  by  turning  the  mirror  and 
sliding  the  lens  in  order  to  keep  the  focus  length. 
Keeping  the  focus  in  the  centerline  provides  light 
intensity  integration  over  equal  volumes  of  the 
plasma  plume  to  the  right  and  left  hand  side  of  the 
centerline.  The  parallelized  light  of  the  plasma  enters 
a  cubic  beam  splitter  where  it  is  united  with  an 
unshifted  and  unbroadened  but  also  parallelized  light 
of  an  external  lightsource,  which  could  be  a  laser  or 
also  a  broadened  but  unshifted  light  of  the  plasma 
plume  sampled  under  perpendicular  incidence  with 
oc=90°.  Behind  the  beam  splitter  the  light  enters  the 
FPI.  The  light  which  passes  through  the  FPI  is 
focused  by  a  f=84  mm  focal  length  lens  on  the 
pinhole  entrance  of  a  monochromator.  The 
monochromator  works  as  a  special  filter  and  a  fast 
single  channel  photomultiplier  (PMT)  is  used  as  a 
signal  detector.  The  monochromator  is  necessary  to 
prevent  stray  light  from  entering  the  PMT  which 
transforms  the  light  intensity  into  a  voltage  signal  to 
be  detected  with  a  storage  oscilloscope. 


Fig.  B4.4:  Experimental  set-up  of  the  Fabry-Perot 
interferometer 


The  modified  second  experimental  set-up  is  shown  in 
Fig.  B4.5.  It  provides  easy  access  to  the  light  emitted 
by  the  plasma  plume  without  intensive  calibration  of 
the  optical  path  to  the  FPI.  Moreover,  with  this  set-up 
there  is  no  longer  a  limitation  in  the  observation  angle 
due  to  the  window  locations.  Two  fiber  optics  can  be 
mounted  on  the  positioning  system  in  the  plasma 
wind  tunnel.  The  optical  axes  of  both  optics  are 


orientated  under  a  fixed  angle  of  oc=45°.  The  focus  of 
both  optics  is  exactly  at  the  same  position  in  the 
plasma  beam  and  can  be  moved  to  every  position. 
Since  one  of  the  optics  will  always  be  mounted 
perpendicular  to  the  plasma  beam  axis,  the 
observation  angle  a  is  always  45°.  A  third  fiber  optic 
provides  the  possibility  to  feed  laser  light  into  the  FPI 
for  calibration  purposes.  Each  of  the  three  fiber 
optics  can  be  plugged  into  an  optical  system  which 
parallelizes  and  widens  the  light  beam  coming  out  of 
a  fiber  optic. 


Fig.  B4.5:  Schematic  of  the  experimental  set-up 
using  fiber  optics 


B4.7  Measurement  Results 

To  examine  the  Doppler  effects,  one  has  to  choose  an 
adequate  spectral  line  emitted  by  the  plasma.  Taking 
an  emission  spectra  with  the  FPI  experimental  set-up 
or  with  emission  spectroscopy  (see  Fig.  B2.13), 
strong  lines  can  be  identified.  Furthermore,  to 
achieve  high  resolution  (see  eq.  B4.6),  longer 
wavelengths  are  preferred.  One  of  the  strongest 
emission  lines  rises  out  of  the  transition  of  atomic 
nitrogen  at  Ao=746.83  nm. 


Wavelength  Units  X  [nm] 

Fig.  B4.6:  Doppler  shifted  Ni  emission  line  of  an 
air  plasma  flow 

In  Fig.  B4.6,  two  orders  of  a  typical  shifted  Nj 
emission  line  are  shown.  The  distance  between  the 
two  line  maximas  represents  the  free  spectral  range 
AXF  =0.092  nm.  The  plotted  circles  describe  the 
signals  of  the  photomultiplier,  while  the  solid  line  is 
the  fitted  curve  in  order  to  determine  the  center  of  the 
full  width  at  half  maximum  (FWHM).  This  center 
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represents  the  shifted  wavelength  X.  The  FWHM 
gives  the  total  line  broadening  AXq  from  which  AA.T  is 
calculated  (for  line  broadening  see  B2. 1 .2). 

The  axial  distribution  of  the  atomic  nitrogen  velocity 
in  two  air  plasma  flows  of  different  conditions  along 
the  plasma  plume  center  line  axis  can  be  seen  in  Fig. 
B4.7.  These  values  are  taken  without  Abel  inversion. 
Due  to  the  relatively  flat  velocity  profile  in  the  zone 
of  high  emission  in  this  case,  an  Abel  inversion  does 
not  change  the  result  remarkably.  The  velocity 
distribution  shows  a  “shock”  behavior  with 
decreasing  velocity  in  the  compression  zone  and 
acceleration  in  the  expansion  area  for  one  of  the  test 
conditions. 


Fig.  B4.7:  Axial  distribution  of  the  heavy  particle 
velocity  in  air  plasma  flows  of  different  conditions 
along  the  plasma  plume  center  line  axis 

Figure  B4.8  shows  the  broadened  profile  of  a  Ni 
emission  line.  The  instrumental  broadening  A^.R  is 
illustrated  to  show  the  effect  of  the  thermal 
broadening. 


Fig.  B4.8:  Broadened  profile  of  a  Ni  emission  line 
of  an  air  plasma  flow 


The  resulting  temperatures  in  a  radial  scan  for 
different  plasma  condition  is  pictured  in  Fig.  B4.9 
again  taken  without  an  Abel  inversion  (see  section 
B2.3.5). 


Fig.  B4.9:  Radial  temperature  distribution 
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B5  Laser  Diagnostics 

Laser  technics  are  in  use  in  plasma  wind  tunnels  for 
identifying  particles,  determining  particle  densities  of 
atoms,  molecules  and  electrons  and  for  plasma 
velocity  measurements.  A  big  part  of  our  knowledge 
of  the  structure  of  atoms  or  molecules  could  be 
gained  by  laser  diagnostic  measurement  methods. 
Laser-based  techniques  offer  the  capability  of 
performing  spatially  and  temporally  resolved 
measurements  for  a  host  of  important  parameters  of 
the  plasma  jet  and  the  boundary  layer  in  front  of  heat 
shield  materials,  which  can  lead  to  an  improved 
understanding  of  the  material  behavior.  The 
interaction  between  the  electromagnetic  radiation  of 
the  laser  and  particles  leads  firstly  to  absorption 
and/or  scattering  and  in  consequence  to  emission 
spectra.  The  emission  provides  information  about  the 
behavior  of  species  under  investigation  as  explained 
in  section  B2. 


B5.1  Laser  Induced 
Fluorescence 

Laser  induced  fluorescence  is  a  well-established, 
sensitive  technique  for  detecting  population  densities 
of  atoms  and  molecules  in  specific  quantum  states 
and  offers  the  possibility  of  investigating  species  of 
interest  in  a  selective  way  just  by  choosing  the 
appropriate  wavelength. 
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B5.1.1  Basic  Theory 

With  laser  induced  fluorescence,  an  upper  electronic 
state  is  populated  by  a  laser  source  with  an  emission 
frequency  tuned  to  an  optically  allowed  resonance  be¬ 
tween  the  electronically  and  rotationally  vibrationally 
excited  state  and  a  discrete  lower  state,  typically  the 
electronic  ground  level.  Fluorescence  then  denotes 
the  following  radiation  emitted  by  molecules  or 
atoms,  decaying  by  spontaneous  emission  of  a  photon 
in  an  optically  allowed  transition  from  a  higher  to 
lower  energy  state.  The  fluorescence  occurs  parallel 
to  other  processes  which  act  to  de-excite  the 
molecule,  such  as  collisional  energy  transfer  to  other 
molecular  states. 


Fig.  B5.1:  Energy  level  diagram  of  important 
populating  and  depopulating  processes 

Figure  B5.1  shows  the  excitation  and  de-excitation 
processes  involved  by  exciting  a  molecule.  After 
excitation  (W 12),  the  laser-populated  upper  state  may 
undergo  a  number  of  subsequent  processes.  Firstly, 
the  molecule  can  be  returned  to  its  original  state  by 
stimulated  emission  (W2i).  Secondly,  absorption  of 
an  additional  photon  can  excite  still  higher  molecular 
states,  including  ionized  levels  (W2i).  Thirdly,  the 
internal  energy  of  the  system  can  be  altered  in 
inelastic  collisions  with  other  molecules  producing 
rotational  and  vibrational  and  also  electronic  energy 
transfer,  the  latter  is  often  referred  to  as  quenching 
(Qy).  Fourthly,  interactions  between  the  separate 
atoms  of  the  molecule,  known  as  internal  collisions, 
produce  internal  energy  transfer  and  dissociation  of 
the  molecule.  When  the  dissociation  is  produced  by  a 
change  from  a  stable  to  a  repulsive  electronic 
arrangement  in  the  molecule,  it  is  called 
predissociation  (Qpre).  Finally,  there  is  the 
fluorescence  signal  (A2I)  of  the  originally  populated 
state  and  nearby  states,  indirectly  populated  through 
collisions  [B5.1].  This  signal  can  be  captured  with  a 
photodetector  and  can  be  related  to  specific 
properties  of  the  absorbing  species  through  modeling 
of  these  state-to-state  transfer  processes.  As  the 
fluorescence  is  a  function  of  the  upper  states 
population  density,  this  requires  solving  the  state 
dependent  population  dynamics.  While  quantum- 
mechanical  density-matrix  descriptions  of  the 
interactions  involved  in  LIF  are  available,  most  treat¬ 
ments  of  LIF  are  based  on  a  semi-classical  rate 


equation  analysis  [B5.2],  The  rate  equations  are 
conceptually  and  mathematically  more  traceable  than 
the  quantum  approach,  but  fail  to  include  possible 
coherence  effects.  Generally,  the  validity  of  the  rate 
equation  analysis  holds  true  for  laser  pulses  which 
rise  slowly  compared  to  the  characteristic  collision 
time.  The  time  dependent  population  N(t)  of  a 
specific  energy  level  j  among  a  set  of  other  levels  i 
can  be  modeled  with  the  set  of  rate  equations,  given 
by: 

dN  j  (?)  ,  x 

-jr=Y,\Hi«)Zij)-Nj(t)YJZji  .  (B5.1) 

i*j  i*j 

The  first  summation  represents  events  which  populate 
j  while  the  second  denotes  loss  processes.  The  total 
rate  coefficient  for  all  events  transfering  molecules 
from  level  i  to  j  is  Zy  (s'1).  A  number  of  distinct  rate 
coefficients  are  included  in  this  overall  coefficient: 
the  collisional  transfer  coefficient  Qy  (s'1), 
encompassing  both  intermolecular  and  internal 
collisions,  the  Einstein  coefficient  Ay  (s'1)  for 
spontaneous  emission  and  the  coefficient  for  laser 
stimulated  processes  Wy  (s'1).  For  single  photon  laser 
stimulated  absorption  or  emission,  Wy=ByIv,  where 
By  (cm^'Hz)  is  the  Einstein  B  coefficient  and  Iv  is 
the  laser  spectral  intensitiy.  Applying  equation  (B5.1) 
for  the  energy  levels  involved  gives  a  system  of 
differential  equations.  The  equations  depend  on  the 
excitation  and  detection  scheme  used  for  a  specific 
molecule  or  atom  and  have  to  be  solved  taking  into 
consideration  the  special  properties  of  the  quantum 
mechanical  behavior  of  the  particle.  For  a  simple  two 
level  model,  where  only  the  ground  (index  1)  and  the 
directly  excited  state  (index  2)  are  taken  into  account, 
the  system  of  differential  equations  becomes: 

dN\ 

-—  =  -NiWi2+N2(W2\  +  A2\+Q2l),(B5.2) 
at 

dN  o 

—^~-N\W\2-N2{W2\+A2\+Q2\  +Qpre  +^2i) 

(B5.3). 

Assuming  that  predissociation  Qpre  and 
photoionization  W2i  can  be  neglected  and  the 
population  of  the  excited  state  prior  to  the  laser 
excitation  is  negligible  as  well,  the  total  population  in 
the  system  is  constant  and  for  moderate  temperatures 
in  good  approximation  equal  to  the  initial  population 
of  the  ground  state  N]°  prior  to  laser  excitation.  This 
population  can  be  calculated  with  the  Boltzmann 
expression,  according  to  equation  (B2.35).  The  lower 
index  of  N,°  accounts  for  the  state  and  the  upper 
index  indicates  t=0,  i.e.  prior  to  the  laser  pulse,  such 
that: 

N\  +  N2  =  constant  =  N®  .  (B5.4) 

The  time  dependent  population  for  the  excited  state 
can  then  be  written  as: 

IfniV,0 

w2(0  = - (1  —  e  rt)  ,  (B5.5) 


r 
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where 

r=W  1 2+W21 + A2i +Q21  •  (B5.6) 

For  steady  state  assumption,  i.e.  the  rates  of  the 
exciting  and  decaying  processes  reach  a  steady  state 
behavior,  the  population  in  the  excited  state  is  then 
given  by: 


N2  =  < 


^12 

B12+B2I 


(B5.7) 


where  the  saturation  spectral  irradiance  Ivsat,  i.e.  the 
laser  irradiance  which  saturates  a  transition,  is 
defined  as: 


(A21  +  Q2l)c 
b\2+b2\ 


(B5.8) 


with  c  as  the  speed  of  light.  In  the  saturation  regime 
the  maximum  number  of  molecules  or  atoms  are  in 
the  excited  state.  Increasing  the  laser  irradiance  will 
not  increase  the  fluorescence  signal  any  more.  At  low 
laser  excitation  irradiances,  i.e.  Iv«Ivsat,  the 
fluorescence  is  said  to  be  in  the  linear  regime,  namely 
linearly  proportional  to  the  input  laser  irradiance.  For 
Iv»Ivsat  ,  the  saturated  regime  is  reached,  where  the 
fluorescence  signal  becomes  independent  of 
quenching  processes  and  the  laser  irradiance.  In  the 
saturation  regime,  the  rates  of  laser  absorption  and 
stimulated  emission  become  so  large  that  they 
dominate  the  state-to-state  energy  transfer  into  and 
out  of  the  directly  pumped  levels.  Saturation  also 
maximizes  the  fluorescence  signal.  However, 
complete  saturation  is  not  easy  to  achieve,  especially 
in  the  wings  of  the  laser  focus  and  during  the  entire 
duration  of  the  laser  pulse. 

In  the  linear  regime,  the  fluorescence  signal  depends 
on  the  laser  irradiance.  To  make  the  measurement 
independent  of  the  fluctuations  of  laser  energy,  one 
has  to  normalize  the  fluorescence  signal  to  the  laser 
irradiance.  Additionally  the  quenching  rate  can  be 
determined  experimentally  in  the  linear  regime.  In 
low  pressure  regimes  and  low  laser  irradiances,  the 
quenching  rate  can  be  measured  by  monitoring  the 
exponential  decay  rate,  i.e.  the  time  resolved  decay  of 
the  excited  molecules  to  the  ground  level.  An  excited 
level  has  a  certain  molecular  dependent  lifetime, 
which  is  described  with:  x=l/(A+Q)  [B5.2].  Here,  Q 
stands  for  all  de-excitation  processes  and  A  again  for 
the  spontaneous  emission  rate.  By  monitoring  the 
time  decay,  one  can  extract  the  de-excitation  rate,  as 
seen  in  Fig.  B5.2. 


Fig.  B5.2:  Lifetime  measurement  of  NO  in  a  cold 
gas  cell  [B5.3] 


B5.1.1.1  Two-Photon  Excitation 


As  will  be  explained  in  B5. 1.2.1,  with  modem  laser 
equipment  tunable  radiation  can  be  generated  in  a 
continous  spectral  range  down  to  about  200  nm. 
However,  most  atoms  and  several  molecules  possess 
absorption  lines  well  below  200  nm.  The  spectral 
region  below  200  nm  is  termed  the  vacuum 
ultraviolet  (VUV),  since  radiation  in  this  range  will 
not  propagate  through  air  due  to  atmospheric 
absorption,  initially  by  molecular  oxygen.  Transitions 
below  200  nm  can  be  accessed  and  excited  via  the 
simultaneous  absorption  of  two  photons  (or  more). 
Most  of  the  excitation  schemes  involve  single 
wavelength  multi-photon  excitation  and  are  of  course 
favourable  since  one  needs  only  one  laser.  An 
example  of  the  excitation  scheme  of  atomic  nitrogen 
is  illustrated  in  Fig  B5.3.  The  two-photon  excitation 
rate  constant  per  molecule  may  be  written  as: 


^12  = 


«12^ 
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(B5.9) 


where  oq2  is  the  two-photon  absorption  cross  section 
from  state  1  (ground  state)  to  state  2  (excited  state). 
The  two-photon  cross  sections  are  small  which  means 
that  stimulated  two-photon  downward  transitions  can 
be  neglected  for  moderate  laser  irradiances.  The 
fluorescence  signal  will  depend  quadratically  on  the 
laser  irradiance  and  on  the  quenching  rate  constant  as 
in  the  linear  fluorescence  regime. 
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Fig.  B5.3:  Excitation  scheme  of  atomic  nitrogen 
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By  absorption  of  a  third  photon,  the  particle  can  be 
ionized.  Since  this  means  a  loss  in  fluorescence 
signal,  one  has  to  ensure  that  the  laser  energy  is  kept 
sufficiently  low. 


B5.1.1.2  Fluorescence  Detection  and 
Temperature  Considerations 

The  intensity  of  the  fluorescence  signal  is 
proportional  to  the  number  density  N2  in  the  excited 
state  and  can  in  general  be  described  with: 

s  =  cKALhvN2A2l  (B5.10) 

The  calibration  constant  CKal  has  to  be  determined 
for  the  experimental  set-up  used  and  includes  the 
transmission  of  the  fluorescence  through  windows, 
filters,  lenses  and  influences  of  the  excitation  and 
collection  volume  and  the  electronics  in  the  data 
capturing  process.  The  term  hv  describes  the  photon 
energy  of  the  emitted  photons.  N2  is  determined  with 
the  rate  equation  model.  The  initial  population  prior 
to  the  laser  pulse  Ni°  of  the  rotational  quantum  state 
is  related  to  the  total  number  density  and  temperature 
via  the  Boltzmann  expression,  see  equation  (B2.35). 
Therefore,  the  temperature  has  to  be  determined  first. 
For  molecules  the  temperatures  which  describe  the 
population  distribution  in  different  rotational, 
vibrational  and  electronical  levels  are  called  the 
rotational,  vibrational  and  electronical  temperature, 
as  explained  in  B2.1.4  and  B2.2.4.  Mostly  one  only 
has  access  to  the  rotational  temperature  which  is 
coupled  with  the  heavy  particle  temperature  in 
plasma  applications.  If  the  temperature  is  high 
enough  to  populate  different  vibronic  levels,  the 
vibrational  temperature  can  be  determined  with  the 
so-called  two  line  thermometry.  The  best  access  to 
the  rotational  temperature  is  given  by  doing  an 
excitation  scan  over  the  rotational  states  in  the  ground 
state  [B5.2],  The  laser  wavelength  is  changed 
continuously  over  the  range  of  the  rotational 
absorption  lines  of  the  electronical  transition  of  the 
particle.  If  the  fluorescence  Fj  of  each  transition  is 
monitored  and  normalized  by  the  degeneracy  (2J+1), 
fluorescence  quantum  yield  (A/(A+Q)  and  line 
strength  B12,  and  plotted  in  semi-log  fashion  against 
the  rotational  energy  hcBvJ(J+l),  like 

FJ  b\2  l{AI A  +  Q)^ 
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a  straight  line  is  obtained  with  negative  slope  whose 
magnitude  equals  (kT)'1  thus  yielding  the  rotational 
temperature.  If  the  exact  temperature  cannot  be 
determined  but  the  approximate  value  T  is  known, 
one  can  use  a  transition  whose  quantum  number  J*  is 
least  sensitive  to  temperature  changes.  Therefore, 
setting  the  derivative  of  the  Boltzman  expression  over 
the  temperature  to  zero  leads  to: 
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B5.1.1.3  Calibration 

In  order  to  determine  the  number  density  from  a  LIF 
experiment,  values  for  a  number  of  parameters 
related  to  the  employed  excitation  and  detecting 
scheme  are  required.  The  exciting  wavelength  and  the 
spectral  width  of  the  laser  beam  has  to  be  determined 
as  well  as  the  laser  pulse  length  and  the  laser  pulse 
energy.  The  light  collection  efficiency,  the  collection 
solid  angle  and  the  sample  volume  have  to  be 
evaluated.  In  the  linear  fluorescence  regime  the 
fluorescence  quantum  yield  has  to  be  measured  to 
account  for  quenching  losses.  The  influence  of  the 
electronical  data  acquisition  system  has  to  be 
identified. 

Calibrations  are  often  performed  by  employing  a  gas 
cell  filled  with  a  known  density  and  temperature  of 
the  examined  gas  in  the  observation  volume  and 
leaving  any  other  part  of  the  experimental  set-up 
unchanged.  Building  the  ratio  with  equation  (B5.10) 
for  the  calibration  measurement  and  the  experiment 
(N2  (Eq.  B5.7)  and  the  rotational  and  vibrational 
temperatures  in  the  Boltzmann  distribution  equations 
(B2.35)  are  different),  lead  directly  to  the  number 
density  of  the  species.  However,  this  procedure 
requires  a  stable  molecule  or  atom,  for  instance  nitric 
oxide.  Since  LIF  is  a  method  used  mainly  for 
monitoring  reactive  species  (N,  O,  SiO,  OH  etc.) 
other  calibration  techniques  have  to  be  used.  There 
are  different  methods  established  to  approach  the 
calibration  process,  like  Rayleigh  scattering  [B5.4], 
absorption  measurements  [B5.5]  and  Raman 
scattering  [B5.6],  Every  process  has  advantages  for 
certain  applications.  The  calibration  procedures  used 
at  the  IRS  will  be  discussed  in  B5.1.2. 


B5.1.2  Research  at  the  IRS 

The  possibilities  offered  by  LIF  are  tremendous.  LIF 
can  contribute  solutions  in  almost  all  plasma  relevant 
questions.  It  can  help  to  identifiy  the  species  involved 
in  a  material  erosion  process,  provide  data  about  the 
catalycity  of  a  material  and  monitor  plasma  para¬ 
meters.  However,  high  operating  expenditure  is 
demanded.  It  is  necessary  to  control  and  synchronize 
the  laser  with  the  monochromator,  the  data  capturing 
electronics,  e.g.  the  gated  integrator  and  boxcar 
averager,  the  digital  storage  oscilloscope,  the  energy 
meter  and  the  computer.  Special  care  and  further 
analysis  has  to  be  done  when  relating  the 
fluorescence  signal  to  absolute  number  densities  by 
calibrating  the  detection  optics.  And  finally  the 
alignment  of  the  optical  paths  are  crucial  for  the 
quality  and  the  precision  of  an  experiment.  The 
research  so  far  has  focused  on  determining  number 
densities  as  well  as  on  the  characterization  of  erosion 
mechanisms  of  thermal  protection  materials.  For  the 
characterization  of  the  plasma  flow,  the  atomic 
densities  of  nitrogen  (N)  and  oxygen  (O)  are  of 
special  interest.  These  quantities  are  also  monitored 
together  with  nitric  oxide  in  the  boundary  layer  of  a 
probe  material  for  the  investigation  of  the  material 
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catalycity.  The  boundary  between  active  and  passive 
oxidation  of  silicon  carbide  (SiC)  can  be  determined 
by  exciting  silicon  oxide  (SiO)  molecules. 
Furthermore,  the  evaluation  of  the  relative  density  of 
silicon  oxide,  carbon  oxide  and  nitric  oxide  (absolute 
measurements  planned  as  well)  in  front  of  a  material 
probe  will  help  us  to  better  understand  the  erosion 
mechanism. 


B5.1.2.1  Experimental  Considerations 
and  Experimental  Set-up 

In  general,  the  fluorescence  wavelength  is  different 
from  that  of  the  incident  excitation  and  occurs 
primarily,  but  not  exclusively,  at  longer  wavelengths. 
The  photons  emitted  from  the  excited  molecules 
radiate  undirected.  Therefore,  the  fluorescence  signal 
can  be  detected  under  any  angle,  but  it  is 
advantageous  to  detect  the  fluorescence 
perpendicular  to  the  propagation  of  the  laser  beam 
and  perpendicular  to  the  plasma  flow  under  inve¬ 
stigation  because  this  provides  the  smallest 
observation  volume  and  a  non-Doppler  shifted 
absorption  line  (see  Fig.  B5.4). 


detection 

test  material  ^ 

material  probe 
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Hk 

flow  direction 

"X. 

laser  beam 

Fig.  B5.4:  Principle  of  excitation  and  detection 
scheme 

There  are  two  ways  of  setting  up  the  experimental  ap¬ 
proach.  In  a  single  point  measurement,  the  laser  is 
focused  into  the  observation  area  and  the 
fluorescence  is  detected  with  a  one-dimensional 
detector,  generally  a  photomultiplier  tube  (PMT). 
The  selection  of  the  fluorescence  wavelength  can  be 
achieved  either  with  a  monochromator  or  with  an 
interference  filter.  The  output  signal  of  the  PMT  is 
then  captured  with  a  so-called  gated  integrator  and 
boxcar  averager.  This  device  is  designed  to  recover 
fast  analog  signals  from  noisy  backgrounds.  It 
consists  of  a  gate  generator,  a  fast  gated  integrator 
and  exponential  averaging  circuitry.  The  gate 
generator  provides  an  adjustable  delay  from  a  few 
nanoseconds  to  100  milliseconds  to  an  input  trigger 
pulse  before  it  generates  a  continuously  adjustable 
gate  of  2  ns  to  15  ps.  The  fast  gated  integrator 
integrates  the  input  signal  during  the  gate.  Figure 
B5.5  shows  an  example  of  setting  the  sampling  gate 
of  the  boxcar  averager  (data  acquisition  device)  in 
respect  to  the  fluorescence  signal.  The  position  of  the 
sampling  gate  is  particularly  important  for  density  or 


temperature  measurements  as  will  be  discussed  in 
section  B5. 1.2.2. 


Fig.  B5.5:  Example  of  setting  a  sampling  gate 


For  a  planar  LIF  (PLIF)  measurement,  the  excitation 
laser  beam  is  optically  spread  into  a  thin  sheet,  and 
the  resulting  fluorescence  from  the  illuminated  plane 
is  imaged  through  an  appropriate  filter  onto  a  two- 
dimensional  detector. 

At  the  IRS,  a  laser  system  is  available  to 
experimentally  examine  plasma  flows  and  boundary 
layers  within  the  plasma  wind  tunnels.  The  laser 
system  consists  of  an  excimer  laser  Lambda  Physik 
COMPex201,  a  dye  laser  Lambda  Physik  SCANmate 
2E  and  a  second  harmonic  generator  to  double  the 
frequency.  The  excimer  laser  is  filled  with  XeCl  and 
emits  radiation  at  around  308  nm.  This  laser  light  is 
passed  to  the  dye  laser  to  pump  the  circulating  dye 
inside  the  oscillator  /  preamplifier  and  main  amplifier 
cells  of  the  dye  laser.  The  oscillator  determines  the 
quality  of  radiation  and  is  therefore  the  most 
important  and  sensitive  part  of  the  dye  laser.  It 
basically  consists  of  a  grating  for  wavelength 
selection  and  an  etalon  for  ultra-narrow  line  width 
operation.  If  needed,  the  etalon  can  be  moved  in  the 
laser  beam  path  to  improve  the  laser  line  width  from 
0.15  cm'1  without  etalon  to  0.03  cm'1  with  etalon. 


Fig.  B5.6:  Excimer  and  dye  laser  system  with  the 
frequency  doubling  unit  at  PWK2 
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This  becomes  particularly  important  for  determining 
atomic  or  molecular  velocities  with  Doppler  shift 
measurements  (see  also  section  B4.4).  Since  many 
absorption  lines  of  atoms  or  molecules  are  in  the  C- 
UV  (C-ultraviolett,  180-280  nm)  or  even  VUV 
(vacuum  ultraviolett,  below  180  nm)  region  and  the 
different  dyes  cover  a  spectral  range  of  320-1050  nm, 
a  frequency  doubling  unit  was  installed.  It  is  a  Beta 
Barium  Borat  (BBO)  crystal  followed  by  a  quartz 
plate  to  compensate  for  the  beam  shift.  In  order  to 
separate  the  UV  and  the  fundamental  beam  with  low 
losses  and  without  beam  displacement,  four  quartz 
Pellin-Broca  prisms,  set  nearly  to  Brewster’s  angle 
(angle  for  which  the  transmission  of  vertically  polar¬ 
ized  light  is  the  highest),  are  placed  in  the  beam  path. 
To  provide  the  specific  excitation  wavelengths  for  the 
species  of  interest,  different  dyes,  dissolved  in 
Methanol,  were  used  as  shown  in  Table  B5.1. 
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Table  B5.1:  Characteristic  values  for  the  dyes 
used  with  an  XeCI-excimer  laser  excitation  source 

With  this  laser  system,  it  is  possible  to  obtain  wave¬ 
lengths  from  around  200  nanometers  up  to  1050 
nanometers  by  choosing  the  desired  dye.  Typical 
maximum  laser  energy  outputs  after  the  frequency 
doubling  unit  are  about  3-4  mJ.  The  laser  pulse  length 
can  be  monitored  by  using  the  Rayleigh  signal  and  is 
about  25  ns.  Rayleigh  scattering  is  an  elastic  process 
in  which  there  is  no  energy  exchange  between  the 
incident  photons  of  light  and  the  target  molecules. 
Thus,  the  scattered  light  is  unshifted  from  its  initial 


incident  frequency.  This  is  explained  in  section  B5.2. 
To  make  the  measurement  independent  of  the  fluctua¬ 
tions  of  laser  energy,  one  has  to  normalize  the  fluore¬ 
scence  signal  to  the  laser  irradiance,  where  the  laser 
energy  can  be  measured  with  a  pyroelectric  energy 
meter.  In  Fig.  B5.7  the  experimental  set-up  and  the 
assignment  of  the  axes  are  shown.  The  x-axis  is  the 
plasma  beam  axis,  the  y-axis  is  perpendicular  in  the 
horizontal,  i.e.  along  the  laser  beam  path  and  the  z- 
axis  is  perpendicular  in  the  vertical,  here  along  the 
path  of  the  collection  optics.  Fluorescence  is  detected 
perpendicular  to  the  laser  and  the  flow  direction.  It  is 
monitored  with  a  telescope  consisting  of  two 
planoconvex  fused  silica  lenses  three  inches  in 
diameter  and  detected  using  photomultiplier  tubes 
with  a  very  short  rise  and  transition  time  (usually  less 
than  2  ns).  The  output  current  of  the  photomultiplier 
tube  is  terminated  with  a  50  Ohm  load  and  passes 
through  a  preamplifier  before  it  is  sampled  by  a 
boxcar  averager  and  transmitted  via  the  GPIB 
interface  to  the  computer  for  data  processing. 


B5.1.2.2  Examination  of  Nitric  Oxide 

The  formation  of  NO  is  a  result  of  the  recombination 
of  N  and  O  atoms  on  surfaces  and  contributes  to  the 
heat  flux  to  which  the  material  is  exposed.  This 
formation  strongly  depends  on  the  material’s 
catalycity  which  has  to  be  minimized  for  thermal 
protection  application.  An  attempt  has  been  made  to 
examine  NO  in  the  PWK.  The  y-band  of  NO  is  used 
to  excite  molecules  from  the  ground  state. 


Fig.  B5.7:  Experimental  set-up  at  PWK2 
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Figure  B5.8  shows  the  radiation  and  collision 
processes  involved.  The  monochromator  was  set  at 
260  nm  with  an  exit  slit  of  4  mm,  resulting  in  a 
detected  range  of  234  to  286  nm,  so  that  fluorescence 
from  (0,1)  to  (0,4)  vibrational  bands  could  be 
detected  and  scattered  laser  light  at  225  nm  is 
rejected.  The  sampling  gate  width  was  set  to  200  ns 
to  sample  all  the  fluorescence  for  an  acceptable 
signal-to-noise  (S/N)  ratio.  Therefore,  caution  must 
be  taken  when  calculating  rotational  temperatures. 
Rensberger  et  al.  [B5.7]  described  the  requirements 
for  obtaining  accurate  temperatures.  They  proposed 
using  small  gate  widths  to  account  for  rotational 
energy  transfer.  A  gate  width,  which  collects 
fluorescence  over  the  exponential  decay,  leads  to  a 
measured  temperature  which  is  too  high  because 
excited  states  with  high  rotational  quantum  numbers 
can  have  a  longer  lifetime  than  states  with  low 
quantum  numbers.  For  these  PWK  conditions  it  was 
necessary  to  detect  any  fluorescence  signal  in  order  to 
get  a  signal  high  enough  to  be  used  for  data 
processing.  The  occurrence  of  NO  in  a  plasma  jet  de¬ 
creases  with  increasing  enthalpy  [B5.8,  B5.25].  For 
operating  conditions  at  high  enthalpies  of  around 
30  MJ/kg  and  pressures  of  approximately  300  Pa,  as 
is  of  importance  for  the  qualification  of  winged 
vehicles  [B5.9],  there  is  no  LIF-detectable  amount  of 
NO  concentration  in  the  plasma  beam  axis  of  the  free 
stream.  Under  these  arc  heater  conditions,  the  mole 
fraction  of  NO  is  numerically  estimated  to  be  about 
10~5  [B5.10].  But  the  situation  is  very  different  in 
front  of  a  material  probe  positioned  in  the  same 
plasma  jet  due  to  the  material  catalycity.  Figure  B5.9 
shows  an  excitation  scan  with  an  arc  current  of 
1200  A  at  an  axial  distance  of  467  mm  and  1  mm  in 
front  of  a  water-cooled  copper  probe.  The  scan  is 
performed  at  laser  irradiances  in  the  linear  fluore¬ 
scence  regime  and  the  fluorescence  is  normalized  to 
laser  intensity.  Fifty  samples  have  been  averaged  to 
achieve  a  statistical  result.  The  data  are  normalized  to 
the  maximum  fluorescence  signal  from  the 
overlapping  Q2(35)  and  Ri(28)  lines  and  background 
subtracted.  The  line  assignment  is  done  by  comparing 
the  experimentally  obtained  spectra  with  a  simulated 
spectra  of  LIFBASE  [B5.ll].  To  acquire  the 
fluorescence,  the  collection  volume  had  to  be  made 
comparably  large  to  get  enough  of  a  signal. 


laser  excitation  wavelength  [nm] 

Fig.  B5.9:  Excitation  scans  of  NO  1  mm  in  front  of 
a  water-cooled  copper  probe,  placed  at  an  axial 
distance  of  x-467  mm  in  PWK  with  an  arc 
current  of  1200A  and  rotational  assignment 

In  Fig.  B5.10  one  can  see  that  NO  is  produced  as  a 
result  of  a  water-cooled  copper  probe  placed  in  the 
plasma  beam  axis.  It  is  apparent  that  the  background 
noise  at  the  beam  axis  is  high  compared  to  the 
fluorescence  signal.  The  data  are  normalized  to  the 
fluorescence  signal  taken  at  1  mm  to  the  probe 
surface.  There  is  no  fluorescence  signal  in  the  free 
stream  plasma  flow.  At  a  distance  of  6  mm  from  the 
collected  volume  to  the  probe  surface  there  is  a 
detectable  amount  of  NO,  which  increases  as  the 
distance  to  the  probe  decreases.  Taking  into  account 
this  fact  together  with  the  low  rotational  temperatures 
of  ca.  1200  K,  leads  to  the  assumption  that  NO  is 
produced  by  catalytic  interactions  with  the  probe 
surface  and  not  because  of  adequate 
conditions  in  the  boundary  layer. 


Fig.  B5.10:  Integrated  NO  fluorescence  at  various 
distances  to  a  water-cooled  copper  probe  at  an 
axial  distance  of  x=467  mm 

Bismuth  is  known  to  have  low  catalycity.  Therefore 
experiments  with  a  bismuth  coated  surface  were  per¬ 
formed  but  signal  levels  are  too  weak  for  data  proces¬ 
sing.  To  get  a  profile  for  the  y-axis,  measurements 
were  carried  out  in  one  direction  of  the  y-axis  from 
the  center  to  the  outer  region,  assuming  rotational 
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symmetry.  The  spatial  scan  is  seen  in  Fig.  B5.ll 
which  was  taken  with  a  cooled  copper  probe  placed 
at  y=0. 
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Fig.  B5.ll:  Radial  profile  of  fluorescence  signal  of 
NO  at  an  axial  distance  of  x=467  mm 

The  qualitative  radial  distribution  of  NO  molecules  is 
in  agreement  with  mass  spectroscopy  measurements. 
The  observation  window  of  the  PWK  has  a  diameter 
of  100  mm.  Therefore,  the  signal  with  a  radial 
distance  of  more  than  y  =  20  mm  is  not  collected 
correctly  perpendicular  to  the  laser  beam.  But  the 
effect  on  the  collection  volume  is  negligible  since  the 
angle  varies  only  by  about  1  to  4  degrees.  To 
suppress  the  influence  of  the  temperature,  a  ground 
rotational  state  which  is  least  sensitive  to  an  estimated 
rotational  temperature  is  chosen  to  excite  NO 
molecules.  It  was  calculated  from  evaluating  the 
derivative  of  the  Boltzmann  expression  with  respect 
to  temperature  and  equating  it  to  zero  according  to 
equation  (B5.12).  The  molecular  data  were  taken 
from  LIFBASE  [B5.ll].  There  is  a  very  small 
amount  of  NO  in  the  plasma  beam  axis  compared  to 
the  outer  region  of  the  plasma  beam.  The  heavy 
particle  temperature  in  the  center  of  the  free  stream  at 
x  =  467  mm  is  about  6000  K  [B5.26]  which  is  too 
high  for  NO  to  occur.  In  the  satellite  region  (at 
y=80  mm)  there  is  a  temperature  of  about  2500  K  and 
therefore  good  conditions  for  NO  stability.  The 
increasing  NO  occurrence  in  front  of  a  water-cooled 
copper  probe  agrees  with  the  numerical  prediction 
using  the  SINA  Code  [B5.10],  The  probe  is  placed  at 
x  =  467mm  (Fig.  B5.12).  It  is  evident  that  the 
amount  of  NO  increases  in  front  of  a  probe  and  the 
heavy  particle  temperature  which  is  coupled  with  the 
rotational  temperature  decreases.  Absolute 
measurements  could  not  be  performed  yet.  At  the  IRS 
the  calibration  for  NO  will  be  done  with  a  heated 
dynamic  gas  cell  which  is  currently  under 
construction.  Heating  the  NO  gas  of  known  density  is 
necessary  in  order  to  populate  higher  rotational  states 
and  excite  a  rotational  transition  with  the  same 
quantum  number  as  used  in  the  experiment. 


Conditions: 

Current:  900  A 
Ambient  Pressure:  290  Pa 
Mass  Flow:  2  g/s  N2/Q2 


B5.1.2.3  Examination  of  Silicon  Oxide 

Ceramics  and  composites  based  on  silicon  carbide 
(SiC)  are  prime  canditates  for  reusable  thermal 
protection  materials.  The  erosion  behavior  of  thermal 
protection  materials  is  still  not  known  in  detail.  The 
reactions,  which  lead  to  the  reduction  of  the  thermal 
protection  material,  involve  a  host  of  chemical 
combination  products  and  depend  on  pressure, 
temperature,  plasma  velocity  and  plasma 
components.  Of  great  importance  is  the  oxidation 
behavior  of  the  material.  The  oxidation  regime  is 
divided  into  a  passive  and  an  active  oxidation  regime. 
In  a  situation  where  the  oxidant  pressure  is  so  low 
that  a  protective  layer  of  Si02  cannot  be  formed,  SiO 
(gaseous)  forms  and  leads  to  rapid  consumption  of 
the  SiC  and  Si02  if  available.  This  behavior  is  termed 
“active  oxidation”.  The  other  mechanism  which 
occurs  at  higher  oxidant  pressures  is  the  formation  of 
Si02  (solid)  and  immediate  reduction  to  SiO 
(gaseous)  by  reducing  gases  in  the  environment.  At 
those  oxidant  pressures  where  Si02  volatility  is 
negligible,  typical  “passive  oxidation”  behavior  is 
observed  [B5.13,  B5.14].  The  monitoring  of  SiO 
formation  while  changing  plasma  parameters  can  be 
used  to  evaluate  the  conditions  for  the  passive-active 
transition.  The  basic  spectroscopic  data  are  calculated 
numerically  [B5.15,  B5.16], 


Fig.  B5.13:  Energy  levels  of  SiO  [B5.15] 


Experimental  data  are  available  from  the  authors 
Heynes  [B5.17]  and  Park  [B5.18],  The  known 
electronic  states  are  shown  in  Fig.  B5.13.  The  ground 
level  is  given  with  X'Z+.  The  data,  like  the  Franck- 
Condon-Factors  and  lifetimes,  are  only  available  for 
the  electronically  first  excited  level  A'll  and  the  level 
E1^.  One  can  easily  see  that  the  E1E+<— XIE+ 
transition  can  only  be  excited  with  a  two-photon- 
absorption  because  the  symmetry  of  the  molecule 
does  not  change.  The  number  of  excited  atoms  or 
molecules  are  due  to  the  probability  of  absorbing  two 
photons  almost  instantaneously,  less  than  with  one 
photon  absorption.  Additionally  the  one-photon- 
excitation  wavelength  would  be  very  close  to  the 
VUV  (around  189  nm).  Although  this  transition 
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offers  a  transition  probability  twice  as  high  as  the 
A1n<-X1X+  transition,  it  is  advantageous  to  use  the 
A,n<-X1X+  transition  at  around  235  nm  because  of 
the  excitation  wavelength  and  the  one-photon 
absorption  process.  In  order  to  identify  SiO,  an 
excitation  scan  (Fig.  B5.14)  is  performed  in  front  of 
the  surface  of  a  Si-probe  material  in  an  argon/oxygen 
plasma  at  an  axial  distance  of  330  mm.  The  total 
pressure  in  front  of  the  probe  was  42  Pa  and  the  front 
surface  of  the  probe  had  a  temperature  of  1315°C. 
The  fluorescence  signal  of  the  (0,4)  vibrational  band 
and  parts  of  the  (0,3)  and  (0,5)  bands  were  monitored 
using  an  interference  filter  with  260±10  nm.  Figure 
B5.15  shows  the  reaction  zone  of  SiO  in  front  of  a 
silicon  surface.  Apparently  with  these  plasma 
conditions,  SiO  is  produced  at  the  surface  or  at  least 
close  to  the  surface.  It  is  planned  to  examine  the 
behavior  with  the  two-dimensional  detection  of  the 
reaction  zone.  PLIF  will  be  used  to  obtain  relative 
concentrations  of  SiO,  as  well  as  from  other  erosion 
components  (CO,  CN,  NO,  SiN). 


Fig.  B5.14:  Excitation  spectra  of  SiO 
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Fig.  B5.15:  Reaction  zone  of  SiO  in  front  of  a 
silicon  wafer 

In  a  second  step,  the  materials  Si,  Si02  and  SiC  were 
used  and  the  surface  temperatures  were  varied.  The 
fluorescence  signal  was  observed  at  a  distance  of 
1  mm  to  the  surface.  With  Si02  material,  SiO  is 
produced  at  a  temperature  of  1200°C  whereas  with 
SiC  the  onset  takes  place  at  1500°C.  An  interesting 
result  is  seen  with  an  SiC  probe.  Above  1750°C  the 
process  apparently  seems  to  proceed  with  other 
dominant  reactions.  This  will  be  examined  in  the  near 
future. 


Fig.  B5.16:  Temperature  dependent  erosion 
mechanisms  of  SiO  for  different  materials  at  a 
total  pressure  of  42  Pa 


B5.1.2.4  Examination  of  Atomic  Oxygen 
and  Atomic  Nitrogen 


There  is  great  interest  in  determining  atomic  species 
concentration.  This  can  contribute  to  gaining 
knowledge  about  plasma  conditions  created  by  the 
different  generators  and  to  evaluate  phenomena  of 
catalycity  and  erosion  processes.  The  difficulties  of 
atomic  density  measurement  arise  from  calibration 
procedures.  Since  there  are  no  reliable  sources  of 
atomic  oxygen  or  atomic  nitrogen  production,  it  is 
very  difficult  and  very  complex  to  calibrate  the 
measurements,  i.e.  to  relate  the  fluorescence  signal  to 
a  certain  density.  However,  LIF  can  be  used  to 
determine  N-  and  O-concentrations.  The  procedure 
follows  experiments  of  Bamford  et  al.  [B5.19],  who 
developed  an  approach  by  carefully  measuring  all 
factors  involved.  As  described  in  section  B5.1.1.3, 
the  spatial  (dimension  of  the  focus)  and  temporal 
spread  (laser  pulse  length)  have  to  be  accounted  for 
and  the  characteristics  of  the  laser  beam,  the 
detection  optics  and  electronics  have  to  be  calibrated. 
Furthermore,  the  fluorescence  quantum  yield  has  to 
be  determined  and  for  atomic  nitrogen  polarization 
(polarization  explained  in  section  B5.2)  effects 
cannot  be  neglected.  With  these  assumptions  and  by 
computing  the  system  of  differential  equations,  the 
number  density  can  be  calculated  with: 


N  0  = 


471 ' 


9/  P-7  f2({  V 

a  -°o  V  ) 


(B5.13) 


S  is  the  measured  voltage  of  the  photomultiplier,  E  is 
the  energy  of  a  laser  pulse,  CDy  and  coh  are  the  focus 
sizes  in  vertical  and  horizontal  directions,  hv  is  the 
photon  energy  of  the  laser  beam,  a  is  the  cross 
section  for  a  two-photon  absorption, 
(| ) j  =  AI(A+Q)  is  the  fluorescence  yield  and  D  is 

the  calibration  constant  obtained  with  Raman 
spectroscopy.  The  constant  includes  the  effective 
length  of  the  light  collection  system,  the  solid  angle 
of  the  collection  lens,  the  transmission  through 
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windows  and  filters,  the  quantum  efficiency  of  the 
detector  and  the  electronical  conditions. 
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the  incident  laser  wavelength.  This  Raman  shift  in  H2 
at  4155  cm-1  is  the  largest  of  any  molecular  system 
and  its  spectroscopy  is  well  known. 

Furthermore,  PWK2  can  be  operated  with  a  mixture 
of  Ar/02  and  the  inductive  plasma  generator  PWK3 
can  be  operated  with  pure  oxygen.  In  the  past  an 
oxygen  sensor  was  developed  [B5.20  and  see  section 
A6]  to  monitor  the  partial  pressure  of  oxygen.  The 
difficulty  is  that  the  sensor  cannot  distinguish 
between  atomic  and  molecular  oxygen.  Adjusting  the 
PWK  conditions  in  a  manner  that  it  can  be  assumed 
that  all  the  oxygen  is  dissociated  but  not  ionized 
offers  a  possibility  to  compare  the  results  of  both 
measurement  methods. 


z  O 

Fig.  B5.17:  Excitation  scheme  of  atomic  oxygen 

The  function  F(t)  accounts  for  the  temporal  profile  of 
the  laser  beam.  The  fluorescence  yield  can  be  mea¬ 
sured  by  monitoring  the  fluorescence  decay  curve,  as 
explained  in  section  B5.1.1.  The  excitation  processes 
for  atomic  nitrogen  and  atomic  oxygen  are  shown  in 
Figs.  B5.3  and  B5.17,  respectively.  A  spectra  is 
shown  in  Fig.  B5.18.  The  atomic  oxygen  was 
produced  in  a  microwave  discharge  at  low  pressure. 
The  three  absorption  lines  arise  out  of  the  fine 
structure  splitting,  as  can  also  be  seen  in  the 
schematic  excitation  in  Fig.  B5.17. 


Laser  Excitation  Wavelength  (Air)  [nm] 

Fig.  B5.18:  Excitation  scan  over  the  fine  structure 
splitting  of  atomic  oxygen 

As  mentioned  before,  the  requirements  for  an 
absolute  measurement  have  to  be  satisfied.  Raman 
scattering  on  H2  is  used  to  absolutely  calibrate  the 
photon  collection  efficiency  of  the  detection  optics 
[B5.6].  This  calibration  procedure  has  advantages 
over  the  other  methods,  mentioned  in  section 
B5.1.1.3.  The  collection  efficiency  can  be  calibrated 
for  the  exact  laser  focal  volume  used  in  the  ex¬ 
periment  at  exactly  the  fluorescence  wavelength.  The 
influence  of  stray  light  from  the  laser  beam  (e.g.  plays 
a  role  in  calibrating  with  Rayleigh  scattering 
technics)  is  greatly  supressed  since  the  transition  used 
is  shifted  at  4155  cm'1  to  a  higher  wavelength  than 


B5.2  Raman  Spectroscopy 


Raman  scattering  is  the  inelastic  scattering  of  light 
from  molecules  and  is  termed  rotational,  vibrational 
or  electronic,  depending  on  the  nature  of  the  energy 
exchange  which  occurs  between  the  incident  light 
quanta  and  the  molecules.  Because  polarization  of 
light  plays  an  important  role  in  Raman  spectroscopy, 
a  short  introduction  to  this  topic  is  given.  Optical 
radiation  across  the  spectrum  is  in  the  form  of 
transverse  electromagnetic  waves,  that  is,  the 
directions  of  the  oscillating  electric  and  magnetic 
fields  of  any  particular  wave  are  perpendicular  to  the 
direction  of  travel  and  to  each  other.  Polarization 
occurs  when  the  electric  field  vectors  for  many  waves 
in  a  beam  assume  a  preferred  direction  rather  than 
being  randomly  distributed.  The  electric  field  vector 
is  used  to  describe  the  various  states  of  polarization. 
Most  incoherent  sources  emit  rays  that  have  electric 
fields  with  no  preferred  orientation  and  are  therefore 
unpolarized.  A  beam  is  said  to  be  linearly  or  plane 
polarized  when  all  the  electric  field  vectors  are 
oriented  in  the  same  direction  or  plane  of 
polarization.  The  plane  of  polarization  is 
perpendicular  to  the  direction  of  travel.  When  the 
plane  of  polarization  is  parallel  to  the  plane  of 
incidence,  this  is  known  as  p-polarization.  If  the 
plane  of  polarization  is  perpendicular  to  the  plane  of 
incidence,  this  is  known  as  s-polarization.  The  plane 
of  incidence  contains  the  direction  of  the  incident 
beam  and  the  normal  to  the  surface.  In  addition  to  the 
linear  polarization,  cirular  and  elliptical  polarization 
can  occur. 

Raman  scattering  essentially  occurs  instantaneously 
within  a  time  of  10‘12  s  or  less.  The  molecular 
polarizability,  a,  relates  the  induced  dipole  moment, 
p,  to  the  incident  electric  field,  i.e.  p=o.zqE  and 
the  dipole  moment  induced  by  an  incident  wave  with 
frequency  v0  is  then: 


p  -ageQEQ  cos(27rvoO  + 


da 


dQ 


JO 


e0  [cos(27tf (v  0  -V  v ))  +  cos(2jw(v  q  +v  v  ))] 

(B5.14) 


2B-69 


with  Q  as  the  nuclear  vibration  coordinate.  The 
subscript  0  stands  for  conditions  in  the  equilibrium 
position  of  the  atom  nuclei.  The  first  term  leads  to 
scattered  radiation  at  the  incident  frequency,  the 
Rayleigh  process,  while  the  second  term  leads  to 
scattered  radiation  shifted  from  the  incident  wave  by 
the  characteristic  frequencies  of  the  medium,  namely 
the  Raman  scattering.  The  radiation  downshifted  in 
frequency  is  termed  Stokes,  while  that  upshifted  is 
termed  anti-Stokes.  The  latter  involves  energy 
exchange  from  the  molecule  to  the  incident  photon 
and  occurs  only  at  elevated  temperatures  when  a 
sufficient  excited  state  population  exists  [B5.2],  No 
specific  laser  wavelength  is  required  and  due  to  the 
quantization  of  the  molecular  energy  states,  the 
Raman  spectrum  resides  at  fixed  frequency  separation 
from  the  laser  line  and  is  characteristic  for  the 
molecule  from  which  the  scattering  emanates.  The 
Raman  scattered  signal  is  therefore  species  specific 
and  linearly  proportional  to  the  species  number 
density. 


Fig.  B5.19:  Schematical  model  of  Raman 
scattering  [B5.21] 


The  energy  model  in  Fig.  B5.19  shows  the  transfer 
processes  involved.  State  0  describes  the  ground 
level,  state  1  an  excited  vibration  level.  States  2  and 
2’  are  imaginery  states.  The  frequencies  of  the  Raman 
scattering  are  vR  and  vR+.  The  Raman  shift  is 
described  with  vs.  The  ground  vibrational  level  is 
more  highly  populated  than  the  excited  levels  due  to 
the  Boltzmann  expression  and  therefore  the  intensity 
of  Stokes  shifted  Raman  scattering  is  mostly  higher 
than  the  anti-Stokes  shifted  intensity. 

Important  factors  of  Raman  scattering  are  the  depo¬ 
larization  ratio  and  the  cross  section.  The 
depolarization  ratio  p  is  defined  by  the  ratio  of  the 
polarization  of  the  scattered  radiation  and  is: 


P=ULdJ, 

JlI+lL 
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where  In  and  Ii  are  the  intensities  of  the  scattered 
radiation  with  a  polarization  parallel  or  perpendicular 
to  the  polarization  of  the  laser  light.  Raman  scattering 
cross  sections  are  necessary  to  determine  the  signal 
strength.  In  general,  Raman  cross  sections  and 
depolarization  ratios  depend  on  the  species  and  are 
experimentally  determined.  Unfortunately,  Raman 
scattering  is  very  weak  with  small  cross  sections,  thus 
requiring  a  certain  number  density  of  the  species 
probed.  In  comparison  with  LIF,  Raman  requires 
concentration  levels  of  1%  of  the  species  mole 
fraction,  whereas  LIF  can  measure  in  the  ppm 
(particle  per  million)  range.  For  a  small  scattering 
solid  angle,  the  radiant  intensity  Ir  may  be  expressed 
as: 


Ir  =/,n 
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where  I;  is  the  incident  laser  intensity,  n  is  the  number 
density  of  scattering  species,  9a  /  dD.  is  the 
differential  cross  section,  Q.  the  collection  angle,  1  the 
sampling  extend  and  finally  £  as  the  collection 
efficiency  which  has  been  included  to  account  for 
losses  in  the  optical  collection  system.  Figure  B5.20 
shows  a  rotational  Raman  spectrum  of  N2  as  an 
example. 


Fig.  B5.20:  Temperature  dependence  of  the 
rotational  Raman  of  N2  [B5.2] 


At  the  IRS,  Raman  spectroscopy  is  used  for  absolute 
calibration  of  the  detection  optics  and  electronics  of 
the  LIF  experiments  with  Raman  scattering  in  H2. 
The  molecular  densities  in  the  MPD  wind  tunnels  are 
too  small  to  obtain  a  sufficient  signal. 


B5.3  Thomson  Scattering 

In  recent  years,  the  method  of  incoherent  Thomson 
scattering  has  been  applied  to  measure  electron 
properties  of  plasma  flows.  When  a  laser  beam  is 
injected  into  a  plasma,  the  laser  radiation  scatters 
non-resonantly  from  the  free  and  bound  electrons  in 
the  plasma.  The  total  spectrum  of  the  scattered  light 
contains  three  main  components:  a  Thomson 
scattering  component  which  arises  from  scattering  of 
free  electrons,  a  Rayleigh  scattering  component 
which  arises  from  incoherent  scattering  from  the 
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bound  electrons  in  the  atoms  and  ions  and  a  stray 
light  component  which  arises  from  laser  radiation 
scattering  from  the  surfaces  and  windows  of  the 
chamber.  The  Thomson  and  Rayleigh  components, 
which  are  both  Doppler-broadened  due  to  the  motion 
of  the  scattering  particles,  have  very  different  spectral 
widths  because  of  the  much  higher  thermal  velocity 
of  the  electrons  compared  with  the  atoms  and  ions. 


^laser  wavelength 


Fig.  B5.21:  Different  components  of  the  total 
scattered  spectrum  [B5.22] 

If  the  entire  spectrum  is  measured,  the  Thomson 
scattering  component  can  be  determined  from 
wavelengths  at  which  there  is  no  contribution  from 
the  Rayleigh  or  stray  components.  Interpolation  of 
the  Thomson  component  in  the  central  part  of  the 
spectrum  then  allows  the  Rayleigh  and  stray  light 
components  to  be  determined.  Or  the  influence  of  the 
Rayleigh  signal  and  the  stray  light  are  measured 
separately  in  a  calibration  and  can  then  be  substracted 
from  the  measured  signal  in  a  Thomson  scattering 
experiment.  When  the  electron  temperature  is  low 
(i.e.  below  approximately  50000  K),  the  Doppler- 
broadened  Thomson-scattered  spectrum  is  directly 
related  to  the  velocity  distribution  function  of  the 
scattering  electrons.  When  the  electron  velocity 
distribution  function  is  Maxwellian,  the  Thomson- 
scattered  spectrum  is  Gaussian  in  shape  and  has  a 
spectral  half-width  AVh  which  is  related  to  the 
electron  temperature  by: 

I  2  kT 

AXTh  =2^0sin(6/2)  - e-  ,  (B5.17) 

\mec 

where  is  the  laser  wavelength,  0  is  the  scattering 
angle,  i.e.  the  angle  under  which  the  scattered 
radiation  is  detected  in  respect  to  the  laser  beam,  Te  is 
the  electron  temperature  and  k,  c  and  m,.  are  the 
Boltzmann  constant,  the  speed  of  light  and  the 
electron  mass,  respectively. 

The  total  Thomson-scattered  light  intensity  is  directly 
proportional  to  the  electron  density  ne.  Therefore,  ne 
can  be  determined  from  the  measured  spectrum  if  the 
absolute  sensitivity  of  the  detection  system  is 
accurately  calibrated.  In  practice,  this  calibration  is 
easily  done  by  measuring  the  Rayleigh-scattered 
intensity  when  the  discharge  chamber  is  filled  with 
gas  at  a  prefixed  pressure  without  a  plasma.  In  this 


situation  the  scattered  signal  intenstities  Ip  (from  a 
plasma  with  unknown  electron  density  ne)  and  Ig 
(from  a  gas  with  known  density  n0)  are  given  by: 

Ip  =ne<3 Th^p  f system  >  (B5.18) 

and 

Ig  =  nQO R&hg f system  >  (B5.19) 


in  which  aTh  and  aR  are  the  differential  cross  sections 
for  Thomson  scattering  and  Rayleigh  scattering, 
respectively,  AAp  and  AA.g  are  the  spectral  FWHM- 
widths  of  the  scattered  spectra  from  the  plasma  and 
the  gas  and  fsystem  is  a  function  of  the  laser  energy  and 
the  efficiency  of  the  detection  system.  The  electron 
density  is  then  given  by  [B5.22]: 


ne  =«o 


Jp  or  A^g 
Ig  aTh  AXp 


(B5.20) 


Depending  on  the  efficiency  of  the  collecting  optics 
and  detectors,  Thomson  scattering  measurements 
require  electron  densities  of  at  least  1018  to  1021  m'3 
to  achieve  an  acceptable  signal  level.  Densities  of  10' 
21  m'3  can  only  be  achieved  at  low  distances  to  the 
plasma  generator  and  additionally  near  the  plasma 
beam  axis  in  the  MPD  wind  tunnels  at  the  IRS,  as 
shown  in  Fig.  B5.22.  The  method  is  applied  with  the 
IRS  wind  tunnel  PWK2  and  spatial  profiles  of  the 
electron  temperature  and  electron  density  were 
received  from  the  plasma  jet  [B5.23]. 


Fig.  B5.22:  Electron  density  and  temperature 
profile  [B5.24] 

An  axial  scan  for  the  electron  density  and  electron 
temperature  is  shown  in  Fig.  B5.22.  The  gas 
temperature  is  indicated  with  TG.  To  achieve  a  signal 
in  distances  more  than  200  mm  to  the  plasma 
generator,  one  needs  to  integrate  the  Thomson 
scattering  emission  over  thousand  shots  of  the  laser 
and  the  spatial  radial  resolution  has  to  be  decreased 
from  2  mm  observation  length  in  low  distances  to  the 
plasma  device  to  5  mm  observation  length  in  higher 
distances. 


electron  temperature  /  K 
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C  Reentry  Measurement 
Techniques 

For  more  than  a  decade,  intensive  investigations  of 
reentry  conditions  for  spacecraft  have  been  under 
way  in  Europe  in  view  of  the  development  of  reus¬ 
able  spacecraft.  Ground  test  facilities  have  been 
developed  and  built  for  this  purpose  [C.1-C.7]  and  a 
lot  of  effort  has  been  put  into  developing  numerical 
simulation  processes  [C.8-C.11].  Due  to  the  complex 
physical-chemical  relationships  -  there  is  in  a  large 
area  neither  chemical  nor  thermodynamic  equilibrium 
-  we  are  still  not  in  a  position  today  to  predict  the 
chemical  and  physical  processes  near  the  surface 
which  can  essentially  influence  the  material  behavior 
and  therefore  also  the  heat  flux  and  the  change  from 
laminar  to  turbulent  flow.  However,  this  is  a 
necessary  precondition  to  qualify  thermal  protection 
systems  (TPS.  On  the  one  hand  the  TPS  can  not  be 
allowed  to  fail  and  on  the  other  hand  its  mass  must  be 
minimized  to  gain  pay  load  capacity.  Especially  the 
US  has  used  its  numerous  return  flights  and  entries 
into  the  atmospheres  of  other  celestial  bodies  to 
validate  calculation  methods.  However,  only  a  small 
portion  of  these  data  is  available  to  us  in  Europe. 
That  is  why  we  are  largely  dependent  on  our  own 
experiments.  In  view  of  this,  a  great  effort  has  been 
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made  at  the  IRS  in  the  last  few  years  to  develop  and 
qualify  flight  measurement  equipment  and  to  then  use 
it  in  actual  flights.  In  the  framework  of  a  national 
mission  (MIRKA)  [C.12]  and  participation  in  return 
missions  (EXPRESS  [C.13]  and  X-38  [C.14])  the 
IRS  was  able  and  continues  to  be  able  to  gather  valu¬ 
able  experience.  The  following  measurement  tech¬ 
niques  have  been  or  are  being  developed:  a  pyrome¬ 
ter  system  for  measuring  the  temperature  distribution 
on  ceramic  thermal  protection  shields,  catalytic  sen¬ 
sors  for  determining  the  heat  flux  and  the  degree  of 
dissociation,  electrostatic  probes  for  determining  the 
boundary  layer  density,  a  boundary  layer  probe  for 
determining  the  boundary  layer  thickness  and  posi¬ 
tion  and  a  spectrometer  experiment  for  examining  the 
gas  composition.  For  future  interplanetary  missions 
an  ablator  experiment  for  determining  the  recession 
rate  and  heat  flux  and  a  radiometer  probe  for  deter¬ 
mining  the  radiation  heat  flux  are  planned. 
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Cl  Pyrometer 

The  miniaturized  linear  pyrometer  PYREX  was  de¬ 
signed  at  the  IRS  for  flight  application.  PYREX 
(Pyrometer  Re-entry  Experiment)  was  specially  de¬ 
signed  to  determine  the  temperature  on  the  back  of 
ceramic  heat  shield  materials  during  reentry  without 
any  contact  to  the  surface.  Knowing  the  temperature 
as  a  function  of  time,  valuable  conclusions  about  the 
heat  flux  and  the  catalycity  (see  section  C2)  of  the 
ceramic  material  can  be  made.  A  one-channel  version 
of  PYREX  was  developed  and  qualified  within  the 
German  reentry  technology  program  from  DARA 
[Cl.l,  Cl. 2], 


Fig.  Cl.l:  Schematical  set-up  of  PYREX 


As  shown  in  Fig.  Cl.l,  the  PYREX  system  consists 
of  five  components:  the  sensor  head  with  the  optics, 
the  optical  fiber  with  its  connectors,  the  pyrometer 
itself  with  the  photodiode  and  the  amplifier,  the  addi¬ 
tional  housing  for  the  control  electronics  and  the  data 
processing  unit. 

The  transfer  of  the  radiation  into  the  pyrometer  is 
done  by  the  measurement  head  which  has  to  image 
the  emitted  radiation  onto  the  fiber  optics.  Essen¬ 
tially,  it  consists  of  an  SiC-tube  which  is  guided 
through  the  structure  of  the  capsule  and  the  abla¬ 
tor/isolator  beyond  the  heat  shield  tile.  The  SiC-tube 
is  mounted  onto  the  structure  with  an  inconel  flange. 
The  fiber  optics  with  their  collecting  lenses  are 
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mounted  at  the  measurement  head  and  transfer  the 
signals  to  the  photodiode.  The  wavelength  of  the 
measured  signals  is  limited  to  a  narrow  region  around 
630  nm  using  a  suitable  filter  combination.  The  pho¬ 
todiode  together  with  the  amplifier  electronics  are 
placed  in  a  housing  made  of  aluminum.  To  guarantee 
the  high  accuracy  of  the  measured  signal,  the  tem¬ 
perature  of  the  photodiode  has  to  remain  constant  (for 
example  at  20°C).  This  is  done  by  Peltier  elements.  A 
thermocouple  which  is  placed  directly  beside  the 
photodiode  delivers  a  control  signal  for  the  Peltier 
elements.  The  heat  is  conducted  to  the  pyrometer 
housing  and  the  structure.  Figure  Cl. 2  shows  the 
integration  of  the  PYREX  measurement  head  into  the 
structure  of  the  EXPRESS  capsule  behind  the 
ceramic  shield. 


SiC-tube 


Fig.  C1.2:  Integration  of  the  measurement  head 
into  the  structure  of  the  EXPRESS  capsule 

A  two-channel  system  of  PYREX  was  qualified 
during  the  MIRKA  mission  [Cl. 3].  With  this  mission 
the  system  successfully  measured  the  temperature 
profile  at  two  different  positions.  The  instrument 
disintegrated  after  the  mission  and  the  black  body 
radiator  described  in  section  B1.5  was  used  to  com¬ 
pare  the  signal  with  the  calibration  curve  prior  to  the 
flight. 


Fig.  C1.3:  Comparison  of  preflight  calibration 
and  the  postflight  signal 


Figure  Cl. 3  shows  the  good  correlation  between  the 
postflight  signal  and  the  calibration  curve. 

For  the  X-38  mission  a  five-channel  system  is  being 
developed  [Cl. 4],  Three  channels  are  foreseen  for  the 
temperature  measurements  and  two  will  be  used  for  a 
catalytic  experiment  (see  section  C2). 


Fig.  C1.4:  PYREX-KAT38/EM  sensor  unit 


The  system  PYREX-KAT38  consists  of  several  sub¬ 
devices.  A  schematic  view  of  PYREX-KAT38  is 
shown  in  Fig.  Cl. 4.  Each  of  the  five  sensor  heads 
carries  a  lens  system  to  focus  the  incoming  radiation 
on  the  fiber  optics  entrance.  The  fiber  optics  are  at¬ 
tached  to  the  sensor  heads  and  transmit  the  radiation 
to  the  sensor  units  which  contain  the  electronics.  Data 
transfer,  power  and  control  signals  are  transmitted  to 
the  Vehicle  Analysis  Data  Recording  (VADR) 
System,  which  is  being  developed  by  OHB-System 
GmbH  in  Bremen,  Germany.  A  portable  computer, 
which  can  be  switched  to  the  sensor  unit,  enables 
external  data  management  and  preflight  tests.  Both 
the  X-38  power  system  and  the  VADR  system  are 
attached  to  the  sensor  unit.  For  PYREX-KATR38  an 
independent  memory  bank  has  been  added. 


Sensorheads  1  •  6 


Fig.  C1.5:  Schematic  view  of  the  PYREX-HX 
system 
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For  the  Japanese  space  plane  HOPE-X,  three  py¬ 
rometer  systems  with  six  channels  each  are  foreseen 
(see  Fig.  Cl. 5).  Six  channels  will  be  used  for 
determining  the  temperature  distribution  in  the  nose 
cap  and  12  channels  are  foreseen  for  the  leading  edge 
(see  Fig.  C1.6). 


The  graduation  has  been  chosen  with  respect  to  the 
geometries  in  the  nose  cone  and  wing  leading  edge 
and  the  environmental  requirements  for  the  sensor 
units.  In  addition,  it  is  useful  to  manufacture  three 
identical  sensor  units  in  order  to  decrease  the  qualifi¬ 
cation  efforts  as  only  one  sensor  unit  engineering 
model  has  to  be  qualified. 

Due  to  the  large  distance  between  the  sensor  head 
and  the  nose  cap  a  special  effort  is  necessary  in  this 
mission  to  calculate  the  effective  emittance  for  these 
measurements  and  to  determine  the  measurement 
location. 

To  calibrate  the  pyrometer  sensors  the  calibration 
device  described  in  section  B1.5  is  used.  To  qualify 
the  pyrometers  for  reentry  application,  the  numeri¬ 
cally  predicted  heat  loads  were  simulated  within  the 
IRS  plasma  wind  tunnels.  For  EXPRESS,  for  exam¬ 
ple,  temperatures  between  1200°C  and  2600°C  could 
be  measured  For  the  EXPRESS  mission  additional 
extensive  qualification  procedures  have  been 
performed  using  various  ground  test  facilities  for 
simulating  heat,  chemical,  thermomechanical, 
vibration  and  acceleration  loads  [C  1.1]. 

In  order  to  improve  the  accuracy  of  the  measurements 
in  the  system,  an  intrusive  postflight  program  is 
foreseen.  Postflight  operations  will  consist  of  the 
readout  of  the  internally  stored  PYREX-HX  data  to 
an  auxiliary  memory  system  of  the  air-ground-equip¬ 
ment  (AGE),  which  is  a  portable  computer,  and  a 
preliminary  flight  data  evaluation.  A  detailed  me¬ 
chanical  and  optical  inspection  will  be  performed 
after  the  mission. 


During  this  inspection,  the  performance  of  the  sys¬ 
tems  will  be  checked  in  comparison  to  the  preflight 
status.  The  system  will  be  checked  for  mechanical 
and  electronic  damage.  A  verification  of  the  previ¬ 
ously  performed  calibration  of  the  system  will  be 
carried  out  using  the  calibration  device  described  in 
section  B1.5  in  order  to  take  possible  damage  and 
performance  changes  into  account  for  an  exact  flight 
data  processing  and  temperature  evaluation.  A  func¬ 
tional  test  in  the  plasma  wind  tunnel  will  be  per¬ 
formed  to  look  for  reproducibility  under  acceptance 
test  levels.  The  system  will  be  generally  analyzed  to 
determine  improvements  for  future  missions. 

The  final  flight  data  evaluation  will  consider  all  as¬ 
pects  of  the  postflight  inspection.  With  the  known 
preliminary  temperature  data  of  the  HOPE-X  reentry, 
the  actual  emissivity  distribution  of  the  C/C  structure 
during  the  reentry  phase  and  the  influence  of  the 
thermal  behavior  of  the  hardware  parts  of  PYREX- 
HX  must  be  considered  for  a  final  and  reliable 
evaluation  of  the  measured  C/C  structure  tem¬ 
peratures. 
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C2  Catalytic  Sensor 

Catalytic  sensors  are  used  to  gather  information  on 
atomic  species  concentrations  in  front  of  the  heat 
shield  using  materials  of  different  catalycities.  The 
sensors  are  based  on  the  experience  gained  from 
intensive  investigations  of  the  catalytic  behavior  of 
high  temperature  materials  using  plasma  wind  tunnel 
facilities. 

For  years  the  catalycity  of  various  metallic  and  ce¬ 
ramic  materials  has  been  closely  investigated  in  the 
IRS  plasma  wind  tunnels  (see  also  section  A4.3). 
Using  stationary  heat  flux  probes  coated  with  differ¬ 
ent  materials  of  known  catalycity  and  calibrated  in 
plasma  wind  tunnels,  information  about  the  atomic 
concentrations  can  be  qualitatively  obtained  during 
reentry.  For  this  purpose  sensors  based  on  the  Gordon 
Gage  principles  (see  section  A4.1.2)  are  being 
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developed  at  the  IRS.  The  Gardon  Gages  can  be 
coated  using  physical  vapor  deposition  (PVD)  [C2.1], 
Figure  C2. 1  shows  a  possible  feed-through  design  for 
a  reentry  probe  being  developed  at  the  IRS.  For  the 
calibration  of  these  sensors  the  atoms  species  con¬ 
centrations  have  to  be  determined.  This  will  be  pos¬ 
sible  at  the  IRS  in  the  near  future  using  LIF  (see  sec¬ 
tion  B5.1). 


Fig.  C2.1:  Feed-through  from  structure  to  heat 
shield  for  a  catalytic  based  sensor 

Due  to  a  lack  of  the  time  and  money  necessary  for 
qualification,  it  was  impossible  to  use  such  a  sensor 
with  the  X-38  mission  and  to  insert  this  kind  of  probe 
into  the  heat  shield  in  the  stagnation  point  region. 
Because  of  the  expected  high  temperatures  (approx. 
2000K),  a  local  increase  in  the  catalycity  had  to  be 
avoided  for  safety  reasons. 


Fig.  C2.2:  Nose  cap  (DLR-S)  and  nose  skirt 
(DASA-B,  MAN-T)  maximum  temperature  dis¬ 
tribution  with  PYREX-KAT38  sensor  positions 

Therefore,  it  is  now  planned  to  apply  a  layer  of  low 
catalycity  to  the  protection  shield  near  the  stagnation 
point  1  (see  Fig.  C2.2)  and  to  pyrometrically  observe 
the  temperature  curve  on  the  back  of  this  shield  at 
point  1  and  point  2,  which  are  supposed  to  see  the 
same  flow  condition  due  to  the  symmetrical  location. 
These  temperature  curves  and  tests  in  the  plasma 
wind  tunnel  will  be  used  to  determine  the  heat  flux 
curve  and  evaluate  the  atomic  particle  densities. 
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C3  Heat  Flux  Determination  for 
Ablators 

Thermocouples  can  generally  be  used  for  missions 
with  ablative  heat  shields  due  to  the  low  heat  con¬ 
ductivity  of  the  material  and  the  large  wall  thickness. 
If  they  are  inserted  at  various  depths  near  the  surface, 
the  recession  rate  and  the  development  of  the  car¬ 
bonization  layer  can  be  determined.  Furthermore,  as 
long  as  the  heat  conductivity  in  addition  to  the  degree 
of  emission  of  the  ablator,  the  heat  capacity  of  the 
material  and  its  energy  consumption  for  ablation  are 
known,  not  only  can  the  temperature  curve  in  ablator 
probes  be  determined  but  also  the  heat  flux  to  the 
probe  surface. 

This  task,  however,  is  made  more  difficult  with  many 
materials  by  a  non-isotropic  heat  conduction  and  heat 
capacity  and  conduction  both  dependent  on  the  depth. 
In  addition,  it  is  in  principle  possible  to  determine  the 
ablation  energy  consumption  in  plasma  wind  tunnels, 
but  requires  great  effort.  In  addition,  the  degree  of 
emission  of  an  ablator  can  change  over  time  due  to  a 
change  in  the  chemical  composition  of  the  surface 
and  has  to  be  taken  into  account.  In  the  framework  of 
the  reentry  mission  MIRKA,  a  corresponding 
experiment,  the  so-called  HEATIN  experiment,  was 
planned,  qualified  in  a  plasma  wind  tunnel  at  the  IRS 
and  successfully  tested  in  flight  [C3.1,  C3.2]. 

The  main  objective  of  the  flight  data  evaluation  of  the 
HEATIN  experiment  was  to  determine  the  transient 
heat  fluxes  along  the  MIRKA  surface.  The  calcula¬ 
tion  of  the  areal  heat  flux  density  Q  from  measured 
in-depth  temperature  histories  implies  the  solution  of 
the  inverse  heat  conduction  problem.  For  this  purpose 
a  method  has  been  developed,  qualified  and  success¬ 
fully  applied  in  order  to  process  flight  data  [C3.3]. 
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C4  Boundary  Layer  Probe 

To  determine  the  boundary  layer  thickness  and  the 
pressure,  a  new  probe,  shown  in  Fig.  C4.1  is  in  the 
process  of  being  developed  at  the  IRS.  A  retractable 
probe  is  used  to  measure  the  pressure  in  the  flight 
body  boundary  layer  perpendicular  to  the  material 
surface.  The  pressure  curve  can  be  used  to  determine 
the  position  and  thickness  of  the  shock  front.  After  a 
fundamental  study  [C4.1],  the  next  steps  are  to 
choose  an  appropriate  material  with  temperature 
stability  for  the  probe  head  and  to  build  an  engineer¬ 
ing  model  for  qualification  in  a  plasma  wind  tunnel. 
Accompanying  flow  simulations  of  the  pressure 
probe  in  the  plasma  wind  tunnel  high  enthalpy  flow 
are  planned  using  the  numerical  methods  developed 
at  the  IRS  [C4.2],  For  the  qualification  of  the  experi¬ 
ment,  emission  spectroscopy  will  be  used  (see  section 
B2.3). 


Fig.  C4.1:  Pressure  probe  for  determining  the 
shock  front 
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C5  Spectrometer  Probe 

The  thermal  and  mechanical  loads  onto  a  space  vehi¬ 
cle  surface  during  re-entry  are  mainly  defined  by  the 
plasma  state  and  its  chemical  composition  close  to 
the  wall.  Although  various  numerical  codes  have 


been  developed  to  simulate  these  conditions,  the 
experimental  data  which  can  be  used  to  verify  the 
numerical  simulation  are  still  poor.  The  existing  ex¬ 
perimental  data  concentrate  on  single  species  such  as 
NO-radiation.  Experiments  that  give  information 
about  multiple  important  species  within  the  post¬ 
shock  layer  at  the  same  time  have  not  been  performed 
yet. 

One  way  to  gain  access  to  the  required  data  is  given 
by  emission  spectroscopic  measurements  during  the 
re-entry  flight.  Figure  C5.1  shows  the  measurement 
principle  of  the  proposed  experiment. 


Fig.  C5.1:  Measurement  principle  of  the  proposed 
experiment 


A  newly  developed  spectrometer  which  operates 
according  to  the  HADAMARD  principle  is  planned 
to  gain  spectral  data  in  the  flow  field  around  a  space 
vehicle  re-entering  the  earth’s  atmosphere  [C5.1], 
Data  collection  is  foreseen  during  the  entire  flight 
trajectory. 

Due  to  the  integrating  character  of  the  measurement, 
a  direct  extraction  of  temperatures  or  densities  from 
the  measured  data  does  not  seem  possible;  however, 
the  desired  information  can  be  obtained  by  a  com¬ 
parison  with  numerically  simulated  data. 

A  spectrometer  for  use  in  space  has  to  fulfill  special 
requirements.  Besides  the  optical  qualities,  it  has  to 
be  small  and  light  and  withstand  the  mechanical, 
thermal  and  chemical  loads.  The  proposed 
spectrometer  shown  in  Fig.  C5.2  uses  the 
HADAMARD  principle  to  minimize  the  size  and 
weight  of  the  apparatus. 


\ 


Fig.  C5.2:  Miniaturized  spectrometer  operated 
according  to  the  HADAMARD  principle 
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The  HADAMARD  principle  is  based  on  the  use  of 
different  entrance  slits  into  the  spectrometer.  These 
slits  are  used  in  various  combinations  to  perform  the 
measurements.  A  transformation  of  the  obtained  data 
results  in  a  higher  effective  resolution  than  with 
conventional  spectrometers  [C5.2].  This  allows  for  a 
smaller  configuration  of  the  spectrometer  itself.  The 
obtained  data  will  cover  a  wavelength  range  from 
200  nm  up  to  800  nm  with  a  resolution  of  approxi¬ 
mately  0.5  nm.  Thus,  it  will  contain  the  emission  of 
all  relevant  radiating  air  species  such  as  N2,  NO,  N,  O 
and  N2+. 

The  functional  qualification  procedure  will  be  per¬ 
formed  in  the  plasma  wind  tunnels  of  the  IRS  [C5.3, 
C5.4],  Magnetoplasmadynamic  as  well  as  thermal 
plasma  generators  creating  sub-  and  supersonic  flows, 
respectively,  will  be  used  to  simulate  the  condition 
along  the  flight  path  at  lower  and  higher  stagnation 
pressures. 

Emission  spectroscopic  experiments  have  already 
been  carried  out  to  investigate  the  boundary  layer  in 
front  of  a  blunt  body  in  a  subsonic  high  enthalpy 
plasma  flow  at  total  pressures  between  0.1  kPa  and 
3.5  kPa  representing  the  first  part  of  re-entry  (see 
section  B2.3.3).  The  ratios  of  the  emission  of  differ¬ 
ent  species  were  found  to  be  a  valuable  indicator  for 
chemical  processes,  especially  within  the  boundary 
layer.  Although  within  a  flight  mission  Abel  inversion 
or  temperature  determination  techniques  as  used  in 
the  plasma  wind  tunnel  experiments  are  not  possible, 
a  comparison  with  numerically  simulated  spectral 
data  will  provide  valuable  information  about  the 
chemical  and  thermodynamic  processes  in  the  plasma 
flow. 

The  numerical  data  for  the  comparison  with  the  meas¬ 
urement  will  be  provided  by  the  numerical  flow 
solver  URANUS  (Upwind  Relaxation  Algorithm  for 
Nonequilibrium  Flows  of  the  University  of  Stuttgart) 
[C5.5],  the  radiation  transport  code  HERTA  (High 
Enthalpy  Radiation  Transport  Algorithm)  [C5.6]  and 
the  radiation  database  PARADE  (Plasma  Radiation 
Database)  [C5.7].  In  recent  years,  URANUS  has  been 
validated  for  different  flow  cases,  such  as  Shuttle, 
FIRE  II,  MIRKA,  RAMCII,  BSUV  I  &  II  and 
Stardust.  Compared  to  these  cases,  however,  the  pro¬ 
posed  experiment  will  perform  more  detailed 
spectroscopic  measurements  by  offering  the  emission 
of  multiple  radiating  species  measured  at  the  same 
time.  This  will  enable  a  more  specific  investigation  of 
the  physical  processes  in  the  plasma. 

Using  the  radiation  codes,  the  chemical  model  of  the 
flow  field  solver  can  be  verified  by  a  comparison  of 
measured  and  calculated  radiation.  Different  models 
can  be  tested  and  the  influence  of  chemical  reactions 
on  radiation  signals  can  be  shown.  For  example,  the 
modeling  of  the  NO  production  can  be  checked  by 
this  method. 

The  requirements  for  the  spectrometer  are  mainly  de¬ 
fined  by  a  wavelength  range  which  allows  the  detec¬ 
tion  of  the  main  radiating  species  in  the  flow  as  pre¬ 
sented  in  Fig.  C5.3  and  Fig.  B2.26  in  section  B2.4.1. 
The  experimental  data  were  measured  within  ex¬ 
perimental  investigations  of  the  boundary  layer  in 


front  of  a  blunt  body  in  the  subsonic  air  plasma  flow 
in  the  IRS  plasma  wind  tunnel  PWK2.  The  numerical 
data  result  from  a  simulation  with  PARADE  for  a 
shuttle  reentry  at  a  distance  of  77  km  to  the  ground. 
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Fig.  C5.  3:  Numerically  simulated  spectrometer 
signal  during  a  shuttle  reentry  at  a  distance  of 
77km  to  the  ground 

The  lower  border  of  the  wavelength  range  is  defined 
by  the  emission  of  NO  in  the  UV  from  200  nm  up  to 
250  nm.  The  upper  border  is  defined  by  the  emission 
of  atomic  oxygen  with  strong  emission  lines  at 
776  nm.  For  this  reason,  a  wavelength  region  from 
200  nm  to  almost  800  nm  has  to  be  covered.  Accord¬ 
ing  to  the  plasma  wind  tunnel  measurements,  a  reso¬ 
lution  of  about  1  nm  is  sufficient  to  separate  the 
emission  of  the  different  species. 

The  dynamic  range  of  the  detector  has  to  be  chosen 
as  high  as  possible  to  take  both  varying  intensities 
within  one  spectrum  and  the  variation  along  the  flight 
trajectory  into  account.  At  the  same  time,  a  sufficient 
readout  frequency  has  to  be  guaranteed  to  minimize 
the  integration  along  the  flight  path.  A  measurement 
time  of  100  ms  is  considered  to  give  both  sufficient 
time  resolution  and  measured  intensity.  For  these 
reasons,  a  dynamic  range  of  16  bit  is  proposed. 
Because  the  spectrometer  has  been  proposed  for  a 
flight  mission,  the  dimensions  and  weight  have  to  be 
minimized. 

The  demonstrator  of  the  spectrometer  has  already 
been  built  and  tested  at  Jena  Optic.  It  is  the  first  dem¬ 
onstration  of  the  HADAMARD  principle  with  a  dou¬ 
ble-array-arrangement  in  the  world.  Functionality  and 
performance  of  the  spectrometer  were  demonstrated 
with  a  device  having  dimensions  of  150  mm  x 
150  mm  x  50  mm.  The  next  step  in  the  project  is  the 
development  of  a  prototype.  The  design  and  materials 
for  the  optical  head  have  already  been  prepared  for 
use  in  space.  Minimization  of  the  volume  to 
80  mm  x  80  mm  x  50  mm  is  foreseen.  An  enlarge¬ 
ment  of  the  wavelength  range  from  200  nm  up  to 
800  nm  by  a  resolution  goal  of  about  0.5  nm  is 
planned. 

Although  most  specifications  for  the  coupling  to  the 
space  vehicle  itself  will  have  to  be  specified  by  the 
requirements  of  the  flight  mission,  some  basic  re¬ 
quirements  have  to  be  fulfilled  in  any  case. 

It  will  surely  not  be  possible  to  mount  the  spectrome¬ 
ter  directly  behind  the  thermal  protection  material. 
The  transmission  of  the  radiation  to  the  spectrometer 
inlet  has  to  be  done  using  optical  fibers.  For  the 
coupling  of  the  fibers  to  the  surface  material  a  feed- 
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through  has  to  be  used  to  couple  the  fiber  optics  to 
the  heat  shield. 

This  phase  is  of  particular  importance  for  the  success 
of  the  whole  project.  The  design  and  construction  of 
the  feed-through  will  be  done  in  cooperation  with  the 
DLR-Stuttgart.  Furthermore,  the  focusing  system  has 
to  be  protected  from  both  plasma  influences  and 
erosion  products  of  the  heat  shield. 

At  the  IRS,  several  flight  missions  have  been  per¬ 
formed  with  experiments  like  PYREX,  measuring  the 
material  temperature  with  a  minimized  pyrometer 
(see  section  Cl).  The  experience  gained  from  these 
flight  experiments  will  be  used  for  the  construction  of 
the  required  coupling  device. 
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C6  Electrostatic  Triple  Probe 

An  electrostatic  triple  probe  is  being  developed  to 
determine  the  electron  density  and  electron  tempera¬ 
ture  during  reentry.  With  reentry  missions  from  low 
earth  orbit  the  densities  of  charged  particles  close  to 
the  surface  is  very  low.  This  is  no  longer  the  case  for 
sample  return  missions  which  now  also  being  planned 
in  Europe.  For  these  missions  the  knowledge  of  the 
electron  density  close  to  the  surface  is  of  great  im¬ 
portance  due  to  the  high  reactivity  of  these  particles 
and  a  possible  impact  on  radio  communication. 


Triple  probes  offer  the  possibility  of  monitoring  this 
quantity  on-line  with  a  high  time  resolution  (as  de¬ 
scribed  in  section  A7.3).  A  drawing  of  this  experi¬ 
ment  is  shown  in  Fig.  C6.1. 


Fig.  C6.1:  Flight  experiment  with  an  electrostatic 
triple  probe 


C7  Radiometer  Probe 

During  high  enthalpy  reentries  and  many  interplane¬ 
tary  missions,  the  radiative  portion  of  the  heat  flux  to 
a  vehicle  can  no  loner  be  neglected.  The  high  gas 
enthalpy  and  high  radiative  intensities  of  some  car¬ 
bonaceous  molecules  cause  high  radiation  intensities. 
This  is,  for  example,  the  case  for  the  Huygens 
mission.  At  the  IRS  the  heat  shield  material  for  Huy¬ 
gens  was  tested  and  the  final  qualification  for  this 
mission  was  carried  out.  Within  this  context  a  radi¬ 
ometer  probe  (see  section  A9)  for  wind  tunnel  appli¬ 
cation  was  developed  at  the  IRS  [C7.1J.  Based  on  this 
knowledge,  it  is  planned  to  develop  a  flight  version 
for  future  European  interplanetary  missions  which 
can  be  qualified  in  the  plasma  wind  tunnels  of  the 
IRS  [C7.2], 
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1.  Introduction 

Current  efforts  to  develop  new  reusable  launch  vehi¬ 
cles  and  to  pursue  low-cost  robotic  planetary  missions 
have  led  to  a  renewed  interest  in  understanding  arc- 
jet  flows.  Part  of  this  renewed  interest  is  concerned 
with  improving  the  understanding  of  arcjet  test  results 
and  the  potential  use  of  available  computational-fluid- 
dynamic  (CFD)  codes  to  aid  in  this  effort.  These  CFD 
codes  have  been  extensively  developed  and  tested  for 
application  to  nonequilibrium,  hypersonic  flow  model¬ 
ing.  It  is  envisioned,  perhaps  naively,  that  the  appli¬ 
cation  of  these  CFD  codes  to  the  simulation  of  arcjet 
flows  would  serve  two  purposes:  first,  the  codes  would 
help  to  characterize  the  nonequilibrium  nature  of  the 
arcjet  flows;  and  second,  arcjet  experiments  could  po¬ 
tentially  be  used  to  validate  the  flow  models.  These 
two  objectives  are,  to  some  extent,  mutually  exclusive. 
However,  the  purpose  of  the  present  discussion  is  to 
address  what  role  CFD  codes  can  play  in  the  current 
arcjet  flow  characterization  effort,  and  whether  or  not 
the  simulation  of  arcjet  facility  tests  can  be  used  to 
evaluate  some  of  the  modeling  that  is  used  to  formu¬ 
late  these  codes. 

This  presentation  is  organized  into  several  sections. 
In  the  introductory  section,  the  development  of  large- 
scale,  constricted-arc  test  facilties  within  NASA  is  re¬ 
viewed,  and  the  current  state  of  flow  diagnostics  using 
conventional  instrumentation  is  summarized.  The  mo¬ 
tivation  for  using  CFD  to  simulate  arcjet  flows  is  ad¬ 
dressed  in  the  next  section,  and  the  basic  requirements 
for  CFD  models  that  would  be  used  for  these  simula¬ 
tions  are  briefly  discussed.  This  section  is  followed  by 
a  more  detailed  description  of  experimental  measure¬ 
ments  that  are  needed  to  initiate  credible  simulations 
and  to  evaluate  their  fidelity  in  the  different  flow  re¬ 
gions  of  an  arcjet  facility.  Observations  from  a  recent 
combined  computational  and  experimental  investiga¬ 
tion  of  shock-layer  flows  in  a  large-scale  arcjet  facility 
are  then  used  to  illustrate  the  current  state  of  develop¬ 
ment  of  diagnostic  instrumentation,  CFD  simulations, 
and  general  knowledge  in  the  field  of  arcjet  character¬ 
ization.  Finally,  the  main  points  are  summarized  and 
recommendations  for  future  efforts  are  given. 

1.1  Development  of  NASA  Ames  Arcjet  Facili¬ 
ties 

Development  efforts  that  led  to  what  we  now  classify 
as  arcjet  test  facilities  began  in  the  late  1950’s  with  the 
goal  of  producing  a  continuously  operable  hypersonic 
ground  test  facility.  This  need  was  driven  by  both 
US  Department  of  Defense  and  NASA  mission  plan¬ 
ning  requirements.  From  the  NASA  side,  planetary 
missions  and  the  manned  space  program  were  push¬ 
ing  aerospace  vehicles  to  higher  aerothermodynamic 
heating  rates.  Several  excellent  texts  have  been  writ¬ 
ten  that  include  a  much  broader  treatment  of  the  his¬ 


torical  development  of  arcjet  facilities  and  plasma  arc 
devices  for  propulsion.1,2  However,  for  the  purpose  of 
introducing  the  current  topic,  a  brief  recapitulation  of 
arcjet  facility  development  activities  at  NASA  Ames 
Research  Center  is  given  below. 


Fig.  1.  NASA  Ames  concentric  ring  arcjet. 

The  rather  ambitious  target  capabilities  for  develop¬ 
ing  the  first  Ames  arcjet  were:  1)  32  MJ/kg  enthalpy; 
2)  100  atm  pressure;  3)  1  MW  input  power;  and  4) 
continuous  and  contaminant-free  operation.  The  first, 
successful  arcjet.  that  even  partially  met  some  of  these 
goals  was  the  Ames  Concentric  Ring  Arcjet,3  which 
is  depicted  in  Fig.  1.  While  the  device  could  operate 
at  the  intended  high  pressures,  it  had  a  very  low  effi¬ 
ciency  in  terms  of  coupling  the  electrical  energy  to  the 
flow.  As  can  be  seen  in  Fig.  1,  the  arc  region  is  quite 
small,  and  most  of  the  incoming  air  stream  bypasses 
the  arc.  This  resulted  in  relatively  low  deposition  of 
energy  into  the  test  gas  stream. 


Fig.  2.  Early  Ames  constricted-arc  heater. 

To  improve  the  coupling  of  electrical  energy  into  the 
flow,  the  next  round  of  heater  configurations  featured 
more  widely  spaced  electrodes  separated  by  an  orifice 
plate  that  is  intended  to  constrict  the  arc  to  a  rela¬ 
tively  small  region.  It  was  hoped  that  forcing  the  flow 
and  arc  through  the  same  small  region  would  improve 
the  electrical  energy  deposition  and  raise  the  stream 
enthalpy.  Figure  2  shows  an  example  of  this  device, 
which  did  show  an  improvement  in  energy  deposition. 
However,  it  proved  to  be  nearly  impossible  to  prevent 
the  arc  from  attaching  at  the  edge  of  the  orifice  plate, 
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and  excessive  arc-induced  failures  produced  further  de¬ 
sign  modifications. 

Subsequent  efforts  resulted  in  the  development  of  su¬ 
personic  arcjets,4  which  achieved  high  enthalpies  and 
low  heat  loss  by  extending  the  arc  through  the  throat 
region  before  attachment  downstream  in  the  low  pres¬ 
sure,  expanded  flow  region.  A  schematic  of  one  of  the 
earlier  versions  is  shown  in  Fig.  3.  Erosion  of  the  down¬ 
stream  attachment  point  was  minimal  for  this  type 
of  arcjet  because  of  the  diffuse  nature  of  the  arc  at 
the  low  pressures  of  the  supersonic  flow  region.  The 
constrictor  diameter  was  only  6.4  mm,  but  the  heater 
performance  was  pretty  much  as  predicted,  and  there 
appeared  to  be  a  substantial  gain  in  electrical  energy 
deposition.  Shortly  thereafter  a  second  supersonic  arc- 
jet  was  developed  with  a  25.4  mm  diameter  constric¬ 
tor  and  this  device  delivered  enthalpies  on  the  order  of 
900  MJ /kg  on  the  flow  centerline.5  Unfortunately,  the 
stream  was  highly  nonuniform  and  the  excessive  radial 
gradients  limited  the  application  range  of  this  heater. 

Gas  Injector 


Constrictor-Nozzle 


Fig.  3.  NASA  Ames  supersonic,  constricted-arc  facil¬ 
ity. 

In  one  of  the  more  interesting  developments  that  has 
particular  relevance  to  the  current  discussion,  the 
ARCFLO  code  was  developed  in  1967  to  model  pro¬ 
posed  arc  heater  configurations.6  For  the  instrumental 
technology  available  at  the  time,  comparisons  between 
arcjet  performance  measurements  and  ARCFLO  pre¬ 
dictions  were  satisfactory.  This  led  to  the  use  of  the 
code  in  the  development  of  new  heater  configurations. 

Although  impressively  high  enthalpy  levels  were  gen¬ 
erated  in  some  of  these  early  devices,  there  was  no 
great  demand  for  routine  operation  at  those  condi¬ 
tions.  Instead,  the  emergence  of  the  shuttle  as  the 
primary  launch  and  payload  capability  for  NASA  gen¬ 
erated  a  significant  demand  for  test  capability  in  the 
20  to  30  MJ/kg  range  to  develop  and  qualify  shuttle- 
related  thermal  protection  materials.  With  the  ex¬ 
ception  of  meteor  ablation  studies  and  work  involved 
with  the  development  of  heat  shields  for  planetary- 
entry  missions,7  this  test  condition  range  has  proven 
satisfactory  for  a  majority  of  the  aerospace  commu¬ 
nity’s  needs.  Progress  in  providing  robust  test  facil¬ 
ities  in  the  required  performance  range  was  enabled 
by  timely  improvements  in  magnetically  driven  elec¬ 
trode  technology.8  All  of  the  successful  heater  designs 
relied  on  magnetic  fields  to  spin  the  arc  attachment 


point  around  the  electrode  to  reduce  the  local  heat¬ 
ing.  However,  an  optimal  combination  of  geometry, 
current  load,  and  magnetic  field  strength  leading  to  ex¬ 
tended  electrode  lifetime  could  only  be  found  through 
trial  and  error,  since  theoretical  models  of  the  com¬ 
bined  fluid  and  plasma  dynamics  of  the  electrode  were 
inadequate  at  that  time. 

Using  the  new  magnetically  driven  electrodes,  the 
Ames  20  MW  Constricted  Arc  Jet  was  built  in  1972. 
A  schematic  rendering  of  the  constrictor,  downstream 
electrode  package  and  nozzle  configuration  is  shown  in 
Fig.  4.  This  basic  constricted-arc  heater  configuration 
has  been  used  continuously,  with  relatively  little  vari¬ 
ation,  in  the  Ames  arcjet  facilities  since  that  time.  An 
excellent  description  of  the  electrode  and  constrictor 
design  and  performance  evaluation  is  given  as  part  of 
the  report  on  the  Ames  60  MW  arcjet,9  which  is  still 
in  use  today. 


Fig.  4.  Current  version  of  Ames  constricted-arc  heater. 


In  the  late  60’s  and  early  70’s  arcjets  were  in  use  at 
aerospace  companies  and  research  centers  around  the 
world.  It  appeared  that  arcjets  would  find  extensive 
use  as  aerothermodynamic  test  facilities  where  funda¬ 
mental  investigations  of  real  gas  phenomena  could  be 
conducted.  Although  they  did  not  provide  perfect  sim¬ 
ulation  of  atmospheric  flight  environments,  arcjets  had 
a  significant  advantage  over  impulse  facilities  in  that 
they  could  be  operated  at  high  enthalpy  levels  for  long 
periods  of  time.  Unfortunately,  it  proved  to  be  very 
difficult  to  establish  just  what  operating  enthalpy  level 
was  actually  reached.  In  fact,  the  inability  to  charac¬ 
terize  the  arcjet  stream  conditions  ultimately  limited 
arcjets  mainly  to  applications  where  complete  knowl¬ 
edge  of  stream  conditions  was  not  a  requirement  for 
evaluating  test  results. 

In  a  review  of  ground-test  facility  simulations  of 
poorly  understood  real-gas  phenomena,  Park10  iden¬ 
tified  seven  important  problems:  1)  determining  aero¬ 
dynamic  parameters;  2)  viscous/shock  interactions;  3) 
boundary  layer  transition;  4)  understanding  leeward 
or  base  region  flows;  5)  nonequilibrium  radiation;  6) 
nonequilibrium  ionization;  and  7)  surface  catalysis. 
Park  then  examined  the  capabilities  of  three  types  of 
hypersonic  ground-test  facilities  that  could  be  used  for 
fundamental  investigations  of  these  problems:  1)  im¬ 
pulse  facilities  (including  shock  tunnels);  2)  ballistic 
ranges;  and  3)  arcjets.  Arcjets  were  only  deemed  suit- 
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able  for  studies  of  nonequilibrium  radiation  and  sur¬ 
face  catalysis,  and  even  then  adequate  specification  of 
the  stream  conditions  was  mentioned  as  a  requirement 
for  improving  the  analysis  of  test  results.10 

Before  discussing  the  issue  of  stream  conditions  fur¬ 
ther,  it  is  useful  to  examine  the  current  status  of  large- 
scale  arcjet  facilities  and  their  role  in  thermal  protec¬ 
tion  material  test  and  development.  In  addition,  it  is 
instructive  to  examine  the  use  of  conventional  stream 
characterization  instrumentation  and  how  it  is  used  in 
the  interpretation  of  test  measurements. 

1.2  Overview  of  Current  NASA  Arcjet  Facili¬ 
ties 

Today,  NASA’s  large-scale  arcjet  facilities  are  used 
mainly  to  simulate  aerothermal  heating  environments, 
although  there  is  still  some  limited  use  in  evaluating 
supersonic  air-breathing  propulsion  concepts.  Our  dis¬ 
cussions  will  focus  exclusively  on  facilities,  modeling, 
and  measurements  that  relate  to  the  principal  appli¬ 
cation:  aerothermal  heating  simulation.  Two  NASA 
Centers,  Johnson  and  Ames,  are  currently  operating 
segmented-type  constricted-arc  heater  facilities  for  this 
application.  This  facility  is  the  workhorse  for  the  20 
to  30  MJ/kg  enthalpy  range  of  long-duration  thermal 
testing. 


Fig.  5.  Current  version  of  JSC  TP-1  constricted-arc 
heater  and  nozzle. 

Arcjet  facilities  at  Johnson  Space  Center  support  TPS 
testing  requirements  for  manned  missions.  All  of 
the  thermal  protection  materials  for  shuttle,  includ¬ 
ing  tiles,  coatings,  and  fillers,  are  qualified  for  use  on 
the  basis  of  tests  in  these  arcjets.  Johnson  has  two  10 
MW  facilities  JSC  TP-1,  which  became  operational  in 
1973,  and  JSC  TP-2,  which  was  upgraded  to  10  MW  in 
1991. 11  Both  facilities  have  segmented,  constricted-arc 
heaters.  The  TP-1  facility  is  usually  arranged  with  a 
conical  nozzle  configuration  for  stagnation-point  test¬ 
ing,  while  TP-2  is  typically  configured  with  a  rectan¬ 
gular  channel  for  flat-plate  testing.  A  schematic  of 
the  Johnson  TP-1  heater  and  nozzle  is  presented  in 
Fig.  5,  and  it  shows  two  noteworthy  features.  First, 
because  of  the  tungsten  cathode,  Oo  is  injected  sep¬ 
arately  from  N2  further  downstream  in  the  heater  to 
prolong  the  useful  life  of  the  electrode.  Although  they 
are  injected  separately,  the  two  gases  are  thought  to 
be  mixed  by  the  time  the  downstream  electrode  pack¬ 
age  is  reached.  The  second  interesting  feature  is  that 


the  throat  diameter  is  larger  than  that  of  the  constric¬ 
tor,  which  causes  some  uncertainty  regarding  the  sonic 
location.  Axial  velocities  in  the  arc  column  could  actu¬ 
ally  be  quite  high,  which  may  inhibit  mixing  of  the  CB 
and  No  streams.  The  facility  is  equipped  with  energy 
balance  instrumentation,  which  provides  a  measure  of 
the  bulk  enthalpy  for  each  test. 

The  Arcjet  Complex  at  Ames  Research  Center  sup¬ 
ports  Ames’  role  as  lead  NASA  Center  for  thermal 
protection  material  development.  There  are  currently 
three  operating  segmented,  constricted-arc  facilities: 
the  Aerodynamic  Heating  Facility  (AHF)  and  the 
Panel  Test  Facility  (PTF)  are  both  rated  at  20  MW  ; 
and  the  Interactive  Heating  Facility  (IHF)  is  rated  at 
60  MW.  There  are  also  two  operable  Huels-type  heater 
facilities,  2x9  Turbulent  Flow  Facility  (TFF)  and  the 
Direct  Connect  Arcjet  Facility  (DCAF).  Two  arcjet  fa¬ 
cility  buildings  house  the  different  arcjets,  which  share 
common  steam-ejector  vacuum  and  water-cooling  sys¬ 
tems.  With  a  shared  vacuum  system,  only  one  facility 
can  operate  at  a  time.  However,  facilities  can  operate 
sequentially  throughout  the  day  with  up  to  8  runs  dur¬ 
ing  a  single  operating  shift.  Note  that  the  operating 
frequency  for  an  arcjet  is  greater  than  that  of  typical 
large-scale  impulse  facilities. 

A  cross  section  of  a  typical  Ames  constricted-arc 
heater  configuration  was  shown  above  in  Fig.  4.  The 
configuration  is  different  from  the  JSC  TP-1  configura¬ 
tion  that  was  shown  in  Fig.  5.  For  the  Ames  heater,  the 
throat  diameter  is  smaller  than  the  constrictor  diame¬ 
ter,  so  the  sonic  point  will  always  be  located  between 
the  converging  and  diverging  sections  of  the  nozzle. 
Also,  both  the  upstream  and  downstream  electrodes 
are  copper,  so  oxygen  does  not  need  to  be  injected 
separately  for  air  tests.  Since  the  overwhelming  ma¬ 
jority  of  arcjet  tests  at  Ames  Research  Center  are  per¬ 
formed  using  segmented-type,  constricted-arc  heaters, 
Huels-type  heaters  will  not  be  discussed  further. 

Even  though  they  are  both  classified  as  segmented, 
constricted-arc  heaters,  the  different  designs  of  the 
JSC  and  Ames  heaters  illustrate  the  variety  of  elec¬ 
trodes  and  nozzles  that  are  in  use  today.  There  is 
no  standard  design.  Consequently,  performance  will 
vary  widely  from  facility  to  facility  and  characteriza¬ 
tion  of  the  performance  of  one  facility  is  by  no  means 
applicable  to  others  unless  the  configuration  is  exactly 
duplicated. 

1.3  Ames  Aerodynamic  Heating  Facility  Arcjet 

The  Aerodynamic  Heating  Facility  (AHF)  Arcjet  at 
NASA  Ames  Research  Center  is  an  example  of  cur¬ 
rent  large-scale,  constricted-arc  heater  test  facilities. 
A  schematic  of  the  facility  is  shown  in  Fig.  6.  Facil¬ 
ity  operation  is  initiated  by  evacuating  the  arcjet  and 
then  striking  an  arc  in  a  low-pressure  argon  stream.12 
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The  test  gas  flow,  usually  air  or  nitrogen,  is  then  in¬ 
troduced  through  the  segmented  disks  along  the  col¬ 
umn,  and  the  arc  current  is  adjusted  to  achieve  the 
test  conditions.  Within  the  arc  column,  heating  by 
the  electrical  discharge  causes  substantial  dissociation 
and  ionization  of  the  test  gas.  The  argon  start-gas 
stream  is  maintained  during  operation,  and  additional 
argon  is  injected  to  protect  the  downstream  electrode. 
Each  electrode  package  is  made  up  of  a  series  of  al¬ 
ternating  copper  rings  and  spacer  disks.  The  rounded 
rings  are  the  actual  electrodes,  and  they  protrude  into 
the  stream  to  move  the  arc  attachment  away  from  the 
wall  (see  Fig.  4).  Magnetic  windings  inside  the  elec¬ 
trodes  rotate  the  arc  attachment  point  to  reduce  the 
heat  load  on  the  electrodes.  Each  electrode  can  carry 
up  to  500  A  of  current.  Typically,  the  anode  is  placed 
at  the  upstream  end  of  the  arc  column  to  benefit  from 
further  cooling  by  the  test  gas. 


Test  Chamber 


Fig.  6  Schematic  of  the  NASA  Ames  AHF  Arcjet. 

Upon  leaving  the  heater,  the  flow  is  accelerated  to  hy¬ 
personic  speed  through  a  conical,  converging-diverging 
nozzle.  During  the  expansion-driven  acceleration,  the 
collision  frequency  decreases  rapidly  in  the  nozzle  and 
the  thermochemical  state  of  the  flow  departs  from 
equilibrium.  At  some  point,  the  flow  chemistry  be¬ 
comes  frozen,  and  this  may  be  followed  by  freezing 
of  the  internal  energy  distribution  of  the  molecular 
species.  Various  nozzle  sections  can  be  used  to  pro¬ 
vide  expansion  ratios  ranging  from  64  to  576.  The 
flow  exits  the  nozzle  and  continues  expanding  into  a 
cabin  where  material  tests  are  conducted.  Material 
samples  are  typically  inserted  into  the  stream  36  cm 
downstream  of  the  nozzle  exit.  Test  durations  of  up  to 
20  minutes  are  possible,  depending  on  the  particular 
conditions.  During  the  tests,  the  stagnation  pressure, 
cabin  pressure,  and  arc  heater  conditions  are  continu¬ 
ously  monitored. 

In  a  typical  test  cycle,  a  preliminary  analysis  of  the  ex¬ 
pected  heat  load  in  a  flight  application  has  been  per¬ 
formed  and  a  candidate  thermal  protection  material 
has  been  selected  for  testing  in  an  arcjet  flow.  The 
test  conditions  are  chosen  to  attempt  to  match  the  ex¬ 
pected  heat  flux  for  a  particular  point  on  a  predicted 
trajectory,  such  as  the  peak  heating  point.  Conven¬ 
tional  instruments,  which  will  be  discussed  below,  are 
used  to  verify  the  test  conditions.  The  test  results 


are  then  interpreted  without  the  benefit  of  full  knowl¬ 
edge  of  the  stream  conditions.  Currently,  relating  test 
results  from  the  arcjets  to  the  intended  flight  applica¬ 
tion  is  more  of  an  art  than  a  science,  because  the  arcjet 
stream  conditions  are  not  sufficiently  characterized. 


1.4  Arcjet  Characterization  Using  Conven¬ 
tional  Instrumentation 


The  words  “Arcjet  Characterization”  are  typically  un¬ 
derstood  to  mean  specifying  the  state  of  the  arcjet  test 
stream,  and  they  are  referred  to  throughout  this  dis¬ 
cussion  in  that  context.  Although  it  is  important  in 
flow  modeling,  the  need  for  arcjet  characterization  is 
driven  primarily  by  the  needs  of  thermal  protection 
material  developers,  who  need  better  specification  of 
the  stream  conditions  to  relate  the  results  to  flight  en¬ 
vironments.  In  addition,  an  improved  understanding 
of  arcjet  stream  conditions  in  general  may  also  make 
arcjets  more  suitable  for  fundamental  studies  of  real 
gas  phenomena. 

The  state  of  arcjet  stream  characterization  in  the  early 
90’s  was  summarized  in  an  excellent  and  thoughtful 
review  article  by  Scott.13  Both  established  and  novel 
instrumental  techniques  were  critically  reviewed  in  the 
article.  The  article  focused  mainly  on  how  various  di¬ 
agnostic  techniques  could  be  used  to  characterize  the 
most  important  stream  variables:  enthalpy  and  the  de¬ 
gree  of  nonequilibrium  in  the  stream.  Rather  than  re¬ 
peat  this  review,  some  of  the  more  widely  used  conven¬ 
tional  diagnostics  are  reviewed  briefly  below.  The  lim¬ 
itations  of  these  measurement  techniques  are  discussed 
to  provide  background  for  considering  what  measure¬ 
ments  are  required  to  improve  arcjet  flow  modeling. 
Newer,  less  widely  used  spectroscopic  techniques,  such 
as  multiphoton  spectroscopy  will  be  mentioned  later, 
and  are  discussed  more  fully  in  the  second  article. 

Traditional  instruments  that  are  used  to  obtain  flow 
property  measurements  include  pitot  probes  and 
calorimeters.  Additional  instruments,  such  as  thermo¬ 
couples  and  flow  meters  are  used  to  measure  coolant 
flow  rates  and  temperature  rise  to  perform  an  energy 
balance  on  the  facility.  Stream  surveys  are  usually  per¬ 
formed  with  a  traversing,  sting-mounted  probe,  since 
the  facility  can  operate  continuously  and  at  a  level 
where  the  instrument  can  give  an  equilibrated  response 
to  the  quantity  being  measured. 

Pitot  measurements  yield  the  stagnation  pressure  be¬ 
hind  a  shock  wave  that  is  generated  by  the  probe. 
For  much  of  the  operating  range  of  today’s  large-scale 
arcjet  facilities,  the  pitot,  or  impact,  pressure  can  be 
related  to  the  dynamic  pressure  of  the  flow,  pir/2, 
through  the  Rayleigh  supersonic  pitot  relation  14 , 


,  for 


M  »  1. 

(1) 
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In  the  above  expression,  7  is  the  ratio  of  specific  heats 
for  the  gas,  M  is  the  Mach  number,  pp  is  the  pitot 
pressure,  p  is  the  stream  density,  and  v  is  the  veloc¬ 
ity.  Although  p  and  v  are  both  important  stream  vari¬ 
ables  for  arcjet  flow  characterization,  a  determination 
of  each  variable  cannot  be  made  without  an  additional 
measurement.  For  typical  facility  operating  conditions 
the  flow  velocity  is  a  considerably  larger  quantity  than 
the  stream  density,  so  a  strategy  for  determining  both 
variables  should  involve  a  velocity  measurement. 

Energy  Balance  -  Most  arcjet  facilities  are  equipped 
with  instruments  that  can  be  used  to  perform  an  en¬ 
ergy  balance  on  the  arcjet  facility  as  a  whole.  Owing 
to  its  simplicity,  the  energy  balance  approach  remains 
by  far  the  most  commonly  used  for  characterizing  the 
arcjet  stream.  The  basic  principle  of  the  measurement 
is  illustrated  in  Fig.  7,  which  shows  the  arc-jet  opera¬ 
tion  measurements  that  must  be  acquired  to  perform 
the  energy  balance.  A  simple  first  law  relationship  is 
invoked  for  the  system, 


m  /iavg  -VI  -  mcp  (A Ton  -  A Toff)  ,  (2) 


where  m  is  the  mass  flow  rate,  /iavg  is  the  bulk  en¬ 
thalpy,  V  is  the  arc  voltage,  I  is  the  arc  current,  T 
and  cp  are  the  coolant  temperature  and  specific  heat, 
and  the  subscripts  of  AT  refer  to  a  measurement  of 
the  temperature  rise  with  the  arc  on  and  with  the 
arc  off.  This  is  required  to  account  for  the  coolant 
temperature  rise  that  results  from  pumping  a  viscous 
fluid  through  the  cooling  lines.  An  uncertainty  anal¬ 
ysis  for  typical  measurement  errors  can  be  performed, 
and  this  indicates  that  the  average  total  gas  enthalpy 
can  be  determined  fairly  accurately.15  However,  there 
are  some  important  considerations.  First,  the  larger 
the  facility,  the  more  difficult  it  is  to  accurately  mea¬ 
sure  the  coolant  temperature  rise.  Either  a  large  num¬ 
ber  of  measurements  must  be  made  in  the  smaller 
coolant  lines  or  the  temperature  distribution  in  a  large 
manifold  must  be  resolved  to  determine  the  coolant 
temperature  rise.  Second,  the  energy  balance  does 
not  account  for  further  heat  losses  beyond  the  nozzle 
that  may  reduce  the  bulk  enthalpy  value  of  the  free 
stream.  Finally,  although  knowledge  of  the  enthalpy 
determined  from  an  energy  balance  is  important  and 
useful  from  a  facility  perspective,  it  is  still  an  aver¬ 
age,  or  bulk  value.  This  average  enthalpy  value  may 
not  be  representative  of  that  part  of  the  test  stream 
actually  impinging  on  the  test  article  since  gradients 
in  flow  enthalpy  that  may  develop  in  the  arc  column 
persist  owing  to  short  residence  times  in  the  high  pres¬ 
sure  region  of  the  nozzle.  Perhaps  more  importantly, 
the  energy  balance  approach  provides  no  information 
about  the  degree  of  nonequilibrium  or  how  the  energy 
is  apportioned  in  the  free  stream. 


Fig.  7.  Energy  balance  on  a  large-scale,  constricted-arc 
arcjet  test  facility. 

Energy  balance  measurements  can  also  be  used  to  de¬ 
termine  heater  efficiency  values  during  facility  opera¬ 
tion.  The  heater  efficiency,  which  is  generally  a  func¬ 
tion  of  arc  pressure  and  current,  is  defined  as 

Vh{p,I)  -m  havs/{VI).  (3) 

Once  this  is  determined  for  the  particular  heater  con¬ 
figuration,  it  can  be  used  to  quickly  estimate  the  bulk 
enthalpy  using  the  mass  flow  rate  of  the  gas  and  the 
arc  voltage  and  current  by  simply  rearranging  the 
equation,  Because  the  efficiency  is  a  function  of  the 
arc  current  and  the  stagnation  pressure,  this  mea¬ 
surement  must  be  carried  out  over  the  full  range  of 
facility  operation  to  develop  an  empirical  correlation 
that  accounts  for  the  dependence.16  It  is  important 
to  understand  that  changes  in  electrode  configuration, 
or  indeed,  variation  in  electrodes  themselves  will  di¬ 
rectly  influence  the  heater  efficiency.  Moreover,  the 
electrodes  are  typically  the  most  frequently  replaced 
component  of  the  facility,  so  efficiency  values,  and  this 
approach  to  estimating  bulk  enthalpy,  should  be  used 
with  caution. 


Electrode  Package 


Pressure 


Fig.  8.  Sonic  flow  method  for  determining  enthalpy  in 
an  arcjet  facility  (after  Winovich17). 

Sonic  Flow  -  Another  method  used  to  determine  the 
total  enthalpy  is  the  sonic-flow  method  that  was  de¬ 
veloped  by  Winovich.1'  The  basic  physical  principle  of 
this  method  is  that  for  any  given  equilibrium  thermo¬ 
dynamic  state  there  is  a  unique  value  of  the  sonic  mass 
flow.  Thus  for  a  given  enthalpy  and  pressure  there  is 
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only  one  value  of  the  choked  mass  flow.  Conversely,  for 
a  known  pressure  a  measurement  of  the  mass  flow  de¬ 
termines  the  enthalpy.  The  graphical  representation 
of  this  approach  is  shown  in  Fig.  8.  Assuming  that 
the  flow  is  one-dimensional  and  in  equilibrium,  then 
for  both  real  and  ideal  gases  a  simple  expression  re¬ 
lating  mass  flow  and  reservoir  enthalpy  can  be  derived 
from  the  equations  governing  the  flow  from  a  reservoir 
through  a  choked  nozzle, 

m  _  \/2  ho 
(A  po)  ~  (RT0) 


In  the  above  expression,  A  is  the  cross-sectional  area, 
the  subscript  0  refers  to  stagnation  conditions,  and  the 
superscript  *  refers  to  conditions  at  the  throat. 

Simplified  versions  of  this  equation  can  be  derived  for 
the  case  of  thermally  and  calorically  perfect  gases,  as 
well  as  for  calorically  imperfect  gases.  For  real  gases 
both  7  and  R  vary  with  temperature  and  pressure  and 
there  are  no  simple  closed  form  expressions  that  repre¬ 
sent  this  variation.  Consequently,  the  governing  equa¬ 
tions  for  the  choked  nozzle  flow  were  solved  iteratively 
using  an  equation  of  state  representing  a  dissociating 
gas  for  a  range  of  pressures  and  enthalpies.  For  the 
range  of  pressures  investigated  (0.25  to  100  atm)  all 
solutions  for  the  mass  flow  fell  within  4  %  of  a  mean 
curve.  A  curve  fit  procedure  was  then  used  to  develop 
the  empirical  correlation, 


m  _  C 
[A  pT )  ~  h#97 


(5) 


where  C  is  a  constant  factor  whose  value  depends  on 
the  system  of  units.  The  effects  of  boundary  layer, 
nonequilibrium  (or  frozen)  chemistry,  and  variable 
heat  loss  to  the  nozzle  walls  were  examined  in  the  orig¬ 
inal  work  pertaining  to  this  measurement  approach.17 
While  boundary  layer  and  heat  loss  effects  appear 
to  be  small,  the  existence  of  nonequilibrium  flow  at 
the  throat  leads  to  a  systematically  low  estimate  of 
the  flow  enthalpy.  As  with  the  energy  balance  ap¬ 
proach,  the  total  enthalpy  determined  with  the  sonic- 
flow  method  represents  an  average  value,  and  there 
is  no  information  about  the  degree  of  nonequilibrium 
where  testing  takes  place  beyond  the  nozzle  exit. 

Stagnation  Point  Heat  Flux  -  With  certain  as¬ 
sumptions  the  total  stream  enthalpy  can  be  inferred 
from  a  simultaneous  measurement  of  heat  transfer  and 
impact  pressure  at  the  stagnation  point  of  a  blunt 
body,  such  as  a  sphere  or  cylinder  as  depicted  in  Fig.  9. 
Boundary  layer  equations  for  stagnation  point  heat 
transfer  were  developed  by  Fay  and  Riddell,18  and 
a  subsequent  modification  of  these  results  to  include 
nonequilibrium  boundary  layer  chemistry  and  surface 
catalytic  effects  was  given  by  Goulard.19  Later,  Pope20 


presented  an  experimental  investigation  of  Goulard’s 
theoretical  results  for  arcjet  flows.  During  the  same 
time  period,  empirical  correlations  for  stagnation  point 
heat  transfer  in  any  gas  were  published:21,22 

(6) 

K  V  PP 

where  k  is  a  gas  species  dependent  constant,  Reff 
is  the  effective  radius  of  the  blunt-body  article,  and 
Ah  is  the  difference  between  the  stream  and  cold 
wall  enthalpy.  A  clear  advantage  of  this  approach 
is  that  it  gives  a  spatially  resolved  measure  of  the 
stream  enthalpy  at  the  test  location.  However,  an  im¬ 
portant  assumption  in  the  use  of  the  above  correla¬ 
tion  is  that  the  catalycity  of  the  surface  of  the  heat 
flux  gauge  is  essentially  full,  i.e.  all  atoms  impinging 
on  the  surface  recombine  and  deposit  the  excess  en¬ 
ergy  from  the  exothermic  reaction  on  the  surface  as 
heat.  It  should  be  noted  that  full  catalycity  is  rarely 
achieved  for  calorimeters,  and  heat  flux  measure¬ 
ments  with  gauges  of  different  catalycity  show  wide 
variation.23,24  Oxidized,  uncleaned  surfaces,  which  are 
typical  on  calorimeters  that  are  in  service,  have  sig¬ 
nificantly  lower  catalycity.  This  means  that  calorime¬ 
ters  will  generally  under-measure  the  incident  heat  flux 
when  significant  dissociated  species  are  present  at  the 
calorimeter  surface.  Since  the  inferred  enthalpy  is  lin¬ 
early  dependent  on  the  measured  heat  flux,  this  ap¬ 
proach  will  lead  to  a  lower  estimate  of  the  stream  en¬ 
thalpy  level. 


Fig.  9.  Stagnation  point  heat  transfer  measurements. 

All  of  the  conventional  approaches  to  arcjet  stream 
characterization  that  have  been  discussed  in  this  sec¬ 
tion  share  common  attributes  in  that  they  infer  en¬ 
thalpy  from  other  flow  property  measurements  and 
they  provide  no  information  on  the  degree  of  nonequi¬ 
librium.  The  ability  of  measurements  made  using 
these  approaches  to  guide  and  inform  flow  modeling 
is  therefore  limited.  Furthermore,  it  is  not  possible 
to  use  these  measurements  to  relate  the  arcjet  stream 
conditions  to  the  intended  flight  application,  because 
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they  do  not  address  the  nonequilibrium  state  of  the 
free  stream. 

New  spectroscopic  techniques  that  are  currently  under 
development  may  improve  this  situation,  and  some  of 
these  approaches  will  be  discussed  in  the  second  lec¬ 
ture.  Judicious  application  of  CFD  codes  may  also 
improve  this  situation  by  providing  more  insight  into 
the  thermochemical  state  of  the  flow.  However,  any 
CFD  codes  that  are  developed  for  this  purpose  must 
be  guided  by  experimental  results,  and  this  topic  is 
addressed  in  the  following  sections. 

2.  CFD  for  Arcjet  Flows 

Today,  CFD  is  an  important  resource  for  aerospace 
vehicle  design,  testing,  and  development.  Investiga¬ 
tions  into  newq  or  poorly  understood,  flow  problems 
are  often  undertaken  with  a  combined  experimental 
and  computational  approach.  Both  the  experiment 
and  the  modeling  benefit  from  the  collaboration,  since 
the  CFD  simulations  can  evaluate  a  wide  parameter 
space  quickly  and  efficiently,  while  the  experimental  re¬ 
sults  provide  guidance  for  developing  assumptions  and 
improving  model  fidelity.  The  general  state  of  CFD  for 
a  particular  discipline  in  the  wider  field  of  aerospace 
applications  is  periodically  reviewed.  Recent  reviews 
that  are  relevant  to  simulating  arcjet  facility  flows  can 
be  found  in  Refs.  25  and  26,  which  examine  CFD  for 
high  enthalpy  test  facilities  and  external  flows,  respec¬ 
tively. 

The  present  discussion  is  concerned  mainly  with  the 
impact  of  experimental  measurements  and  instrumen¬ 
tation  on  modeling,  so  detailed  examinations  of  numer¬ 
ical  methods,  particular  models,  and  grid  resolution, 
which  are  familiar  topics  in  the  literature  regarding 
CFD,  will  not  be  covered.  Rather,  the  intent  is  to 
discuss  shortcomings  in  current  instrumentation  and 
available  experimental  data  that  make  the  task  of  pro¬ 
ducing  credible  arcjet  flow  simulations  exceedingly  dif¬ 
ficult,  if  not  impossible.  Although  the  conservation 
equations  and  general  numerical  method  are  discussed 
briefly  below,  they  are  invoked  only  to  frame  the  dis¬ 
cussion  about  w'hat  must  be  measured  and  how  well. 
The  perspective  is  that  of  an  experimental  approach 
to  flow  modeling  that  examines  assumptions,  model 
inputs,  and  constraints  in  order  to  propose  better  ex¬ 
perimental  tests  to  resolve  ambiguities  and  uncertain¬ 
ties. 

2.1  Motivation  for  Arcjet  Flow  Modeling 

A  major  driving  force  behind  arcjet  flow  modeling  is 
the  desire  to  extract  the  most  information  from  tests 
of  thermal  protection  systems  in  large-scale  arcjet  fa¬ 
cilities.  Testing  costs  are  always  a  concern,  and  an 
investment  in  computational  resources  to  avoid  test 
article  failures  or  to  conduct  a  more  efficient  test  cycle 


represents  a  prudent  strategy.  Computational  investi¬ 
gations  can  often  be  undertaken  at  low'er  expense  than 
experimental  efforts.  Unless  a  complete  computational 
capability  is  being  started  from  scratch,  the  costs  of 
employing  state-of-the-art  instrumentation  for  experi¬ 
mental  investigations  is  usually  much  higher,  assuming 
that  manpower  for  both  efforts  is  equivalent.  If  more 
and  better  information  could  be  obtained  from  arc¬ 
jet  testing,  then  substantial  development  cost  savings 
may  be  realized  from  a  reduced  dependence  on  flight 
experiments  (e.g.  FIRE27’28  and  Apollo29)  that  are 
often  required  to  establish  thermal  protection  system 
effectiveness. 

Minimizing  thermal  protection  mass  for  current,  low- 
budget  planetary  missions  is  also  an  important  motiva¬ 
tion  for  generally  improving  the  state  of  knowledge  of 
arcjet  flow  stream  conditions.  For  these  missions  there 
is  neither  time  nor  budget  for  flight  testing  a  proto¬ 
type  before  launching.  If  results  from  arcjet  tests  can 
be  extrapolated  to  flight  conditions  with  quantifiable 
uncertainties,  then  it  may  be  possible  to  reduce  the  de¬ 
sign  safety  margins  that  currently  added  to  heat-shield 
thickness.30  It  may  ultimately  be  possible  to  estab¬ 
lish  flight  performance  of  thermal  protection  materials 
through  arcjet  testing  if  a  sufficient  understanding  of 
arcjet  flows  is  developed.  CFD  modeling  would  play 
an  indispensable  and  enabling  role  in  this  effort. 

Facility  improvements  and  optimization  for  particular 
test  configurations  could  also  benefit  from  the  develop¬ 
ment  of  CFD  tools  tailored  to  arcjet  flow  modeling.  As 
noted  above,  ARCFLO  played  an  important  role  in  the 
early  development  of  large-scale  arcjet  test  facilities, 
and  there  is  a  need  for  modern  computational  tools  to 
improve  electrode  designs,  optimize  heater  configura¬ 
tions,  and  design  new  nozzles  for  flat-plate  test  con¬ 
figurations.  These  tools  could  also  be  used  to  design 
test  configurations  that  would  provide  the  necessary 
information  at  reduced  cost  and  effort. 

Additional  motivation  derives  from  the  desire  to  im¬ 
prove  the  general  state  of  nonequilibrium  flow  mod¬ 
eling  and  the  understanding  of  real  gas  effects.  As 
mentioned  above,  the  stable,  relatively  long-duration 
arcjet  operation  at  high  enthalpies  creates  opportu¬ 
nities  for  studying  complex  chemical  and  thermal  in¬ 
teractions  that  cannot  be  easily  analyzed  in  impulse 
facilities. 

2.2  CFD  Requirements  for  Arcjet  Flow  Simu¬ 
lations 

Before  discussing  measurement  requirements  for  im¬ 
proving  computational  simulations  of  arcjet  facility 
flows,  it  is  useful  to  examine  the  CFD  requirements 
that  have  evolved  from  previous  and  ongoing  efforts  to 
model  arc-heated  flows  in  large-scale  facilities.  Arcjet 
flows  are  typically  not  in  thermal  and  chemical  equilib¬ 
rium,  except  possibly  in  the  constrictor  and  electrode 
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package  regions.  Consequently,  any  attempt  to  model 
the  flow  requires  a  CFD  code  that  models  nonequilib¬ 
rium  processes. 

The  conservation  equations  for  hypersonic  flows  in 
thermal  and  chemical  nonequilibrium  that  are  solved 
by  the  LAURA  CFD  code31  have  been  compiled 
in  a  single  reference  publication  by  Gnoffo  and  his 
coworkers.32  Eleven  species  that  are  typically  encoun¬ 
tered  in  simulations  of  hypersonic  air  flows  were  in¬ 
cluded  in  the  model:  N2, 62,  NO,  N,  O,  Nj,  O* ,  NO+, 
N+,  0+,  and  e~  .  Thus,  eleven  species  continuity  equa¬ 
tions  and  three  momentum  equations  must  be  solved 
by  the  code.  For  this  particular  CFD  code,  three 
separate  energy  equations  are  modeled  to  account  for 
nonequilibrium  effects:  vibrational  energy,  electronic 
energy,  and  total  energy.  Thermodynamic  data  for 
the  eleven  species  and  reaction  rates  for  two  different 
models,  Park  33  and  Dunn  and  Kang34,  were  also  given 
in  the  report.  In  this  CFD  approach,  which  is  repre¬ 
sentative  of  those  currently  in  use  for  nonequilibrium, 
hypersonic  flows,  only  the  ground  electronic  states  of 
each  species  are  modeled.  When  radiative  energy  flux 
is  important,  it  is  typically  treated  separately  or  in  a 
loosely-coupled  fashion.  It  should  be  emphasized  that 
there  is  no  universally  agreed  upon  model  formulation, 
particularly  when  it  comes  to  nonequilibrium  processes 
and  chemical  reaction  and  energy  transfer  rates.  In¬ 
terested  readers  are  referred  to  Refs.  35-38  for  other 
computational  model  formulations. 

For  arcjet  flows  in  large  scale  facilities,  argon  must 
also  be  considered  since  it  is  often  added  to  the  test 
gas  flow  to  protect  electrode  surfaces.  If  only  the  neu¬ 
tral  state  is  considered,  this  brings  the  total  number 
of  species  for  air/argon  flows  to  twelve.  In  addition, 
thermodynamic  and  chemical  reaction  rate  data  must 
also  be  included  for  argon.  39 

2.3  Strategies  for  Arcjet  Flow  Simulations 

Just  as  there  is  no  universally  accepted  model  for 
nonequilibrium,  hypersonic  flows,  there  is  no  single 
CFD  code  that  can  simulate  the  complete  arcjet  fa¬ 
cility  flow  from  the  heater  to  the  test  article.  Thus, 
some  reasonable  modeling  strategy  must  be  developed 
that  matches  available  CFD  models  to.  flow  regions  in 
an  advantageous  manner.  To  illustrate  this  point,  sev¬ 
eral  modeling  efforts  that  were  concerned  with  either 
arcjet  characterization  or  interpretation  of  arcjet  test 
results  are  surveyed  below.  The  presentation  is  or¬ 
ganized  by  flow  region,  starting  from  the  heater  and 
moving  through  the  nozzle  to  the  test  article. 

Arc  Heater  -  The  flows  within  the  arc  heater  and 
electrode  packages  are  special  cases,  since  the  elec¬ 
trodynamic  processes  occurring  within  these  typically 
subsonic  flow  regions  are  usually  absent  in  hypersonic 
flows  (with  the  exception  of  MUD  device  flows).  How¬ 
ever,  a  discussion  of  numerical  studies  of  arc  heaters 


is  included  here  for  two  reasons:  first,  the  flow  may  be 
in  thermal  and  chemical  equilibrium  within  the  down¬ 
stream  electrode  package;  and  second,  if  the  flow  and 
discharge  physics  can  be  modeled  correctly,  then  it 
may  be  possible  to  compute  inlet  conditions  for  use 
in  nozzle  calculations. 

Within  an  arc-heater,  the  flow  is  typically  subsonic 
and  is  more  properly  described  as  a  plasma  owing  to 
the  presence  of  the  electrical  discharge.  To  model  this 
portion  of  the  flow  accurately,  a  coupled  solution  of 
the  fluid  dynamics,  radiation,  and  electrodynamics  is 
required.  The  development  of  a  CFD  model  for  the 
arc  heater  that  included  the  necessary  coupling  was 
undertaken  at  Ames  Research  Center  several  years 
ago,40’41  but  the  effort  was  eventually  abandoned.  In¬ 
stead,  the  flow  within  constricted-arc  heaters  is  still 
modeled  with  either  the  ARCFLO  code,  which  was 
mentioned  above,  or  a  derivative.  One  of  the  deriva¬ 
tive  codes,  SWIRLARC,42'43  has  been  modified  to  in¬ 
clude  the  tangential  component  of  gas  injection  that  is 
typically  used  to  help  stabilize  the  discharge  in  high- 
pressure  facilities.  It  should  be  noted  that  in  any  form, 
ARCFLO  does  not  attempt  to  fully  simulate  the  physi¬ 
cal  processes  within  the  heater.  Rather,  ARCFLO  and 
its  derivatives  employ  a  semi-empirical  approach  to 
perform  comparative  studies  and  indicate  trends  that 
might  be  useful  for  design  studies. 

Recently,  there  has  been  renewed  interest  in  improv¬ 
ing  computational  models  of  constrictors.  A  Navier- 
Stokes  formulation  for  a  constrictor  was  developed  and 
implemented  by  Kim  et  al,44  and  an  improved,  fully- 
coupled  radiation  model  was  applied  to  the  study  of 
an  arc  heater  by  Sakai  et  al.45  The  main  motivation 
for  this  renewed  activity  is  the  need  to  increase  the  ef¬ 
ficiency  and  performance  capabilities  of  existing  arcjet 
facilities.  Obviously,  measurements  will  be  required  to 
validate  these  newer  flow  models. 

Nozzle  and  Free  Stream  -  For  studies  relating  to 
arcjet  characterization,  arcjet  test  interpretation,  or 
general  nonequilibrium  flow  modeling,  the  expanding 
flow  in  an  arcjet  facility  nozzle  presents  a  challenge  to 
the  computational  community.  The  general  strategy 
for  modeling  arcjet  nozzle  flows  relies  on  some  means 
for  estimating  the  inlet  conditions  for  the  nozzle,  par¬ 
ticularly  the  stagnation  enthalpy,  and  then  using  what¬ 
ever  experimental  information  is  available  from  the 
free  stream  to  assess  the  fidelity  of  the  simulation.  De¬ 
pending  on  the  particular  computational  model,  the 
inlet  conditions  can  be  specified  either  in  the  subsonic 
flow  region  upstream  of  the  throat  or  in  the  super¬ 
sonic  portion  of  the  nozzle.  As  was  mentioned  in  the 
description  of  a  typical  arcjet  facility,  the  nozzle  flows 
are  not  in  thermal  or  chemical  equilibrium.  Therefore, 
the  computational  approach  must  model  the  thermo¬ 
dynamic  and  chemical  kinetic  processes  that  govern 
hypersonic,  nonequilibrium  flows. 
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There  have  been  several  efforts  aimed  at  simulating 
flows  in  arcjet  nozzles.  At  Ames  Research  Center 
alone,  three  different  numerical  approaches  have  been 
used  recently  to  simulate  nozzle  flows  in  conical46-48 
and  semi-elliptic49  geometries.  These  particular  stud¬ 
ies  were  undertaken  specifically  to  address  arcjet  char¬ 
acterization  issues.  Additional  investigations  of  con¬ 
ical  nozzle  flows  have  been  carried  out  in  support  of 
arcjet  surface  catalysis  experiments.50  Details  of  the 
different  numerical  approaches  are  given  in  each  of  the 
references.  However,  it  is  interesting  to  note  the  pro¬ 
gression  of  the  numerical  models  used  in  these  stud¬ 
ies.  Babikian  used  a  quasi-one-dimensional,  multi¬ 
temperature  flow  model,  NOZNT,51  to  compare  with 
free  stream  temperature  measurements  in  the  Ames 
AHF  Arcjet  Facility.46  Gokgen  performed  simulations 
of  the  nozzle  flow  with  an  axisymmetric,  nonequilib¬ 
rium  Navier-Stokes  solver  in  support  of  shock  layer 
experiments.4'  More  recently,  Loomis  and  his  cowork¬ 
ers  used  GASP,  which  is  a  general  three-dimensional, 
flow  solver  to  simulate  both  conical  and  semi-elliptic 
nozzle  flows  in  support  of  thermal  protection  material 
tests  for  the  X-33.49 

Concurrent  experimental  and  computational  studies  of 
expanding,  N2/Ar  plasma  flows  have  also  been  car¬ 
ried  out  by  Schonemann  and  coworkers.52  The  note¬ 
worthy  aspect  of  this  particular  investigation  was  the 
use  of  experimental  measurements  at  one  axial  loca¬ 
tion  to  start  the  calculations  and  predict  the  rapidly 
expanding  flow  properties  at  a  second,  downstream  lo¬ 
cation.  This  approach  has  the  advantage  of  avoiding 
some  of  the  uncertainties  that  result  from  estimating 
inflow  conditions. 

Flow  Ovei*  a  Test  Article  -  As  the  current  use  of 
large-scale  arcjet  facilities  is  aimed  primarily  at  simu¬ 
lating  aerothermal  heating,  it  is  extremely  important 
to  be  able  to  model  the  flow  over  a  test  article  ac¬ 
curately.  Test  article  flows  can  be  classified  into  two 
basic  types:  shock-layer  flows  over  a  test  article  in 
a  conical  nozzle  flow  and  boundary-layer  flow  over  a 
flat  plate  for  semi-elliptic,  or  rectangular,  nozzle  flow. 
Since  the  flat  plate  is  usually  an  extension  of  the  nozzle 
wall,  the  modeling  requirements  for  simulating  bound¬ 
ary  layer  flows  are  identical  to  those  for  nozzle  flows, 
although  the  angle  of  attack  is  typically  varied  as  part 
of  an  experimental  investigation.  Shock-layer  flows  are 
different,  particularly  for  studies  of  stagnation  point 
heating.  For  this  configuration,  the  flow  undergoes 
compression  by  a  shock  wave,  whose  strength  depends 
on  the  particular  test  conditions  and  geometry,  before 
impinging  on  the  test-article  surface.  Thus,  the  free 
stream  conditions,  which  largely  determine  the  char¬ 
acteristics  of  the  shock  layer  flow,  must  somehow  be 
known  to  carry  out  the  simulation. 

Typically,  there  are  no  stream  measurements,  other 
than  pitot  pressure  and  heat  flux,  that  could  be  used 


to  specify  the  stream  conditions.  For  certain  arcjet  test 
conditions,  it  is  possible  to  estimate  the  stream  condi¬ 
tions  using  a  combined  equilibrium  and  frozen-flow  an¬ 
alytical  approach,  and  then  carry  the  analysis  through 
the  shock  layer  based  on  measurements  of  the  pitot 
pressure,  heat  flux,  and  model  surface  temperature.50 
However,  a  more  general  approach  involves  simulating 
the  nozzle  flow  (again,  an  estimate  of  the  initial  en¬ 
thalpy  is  required)  with  a  numerical  model  and  then 
using  those  conditions  as  input  to  a  shock  layer  calcula¬ 
tion.  An  example  of  this  latter  approach  can  be  found 
in  the  work  of  Gokgen,4'’48  which  will  be  discussed  in 
detail  below.  Inevitably,  inaccuracies  in  modeling  the 
expanding  nozzle  flow  affect  the  simulations  of  shock- 
layer  and  boundary-layer  flows  in  arcjet  facilities. 

The  response  of  the  test  article  to  the  shock  layer  flow 
is  also  of  considerable  interest  to  the  arcjet  test  and 
material  development  communities,  where  much  can 
be  gained  by  understanding  the  interaction  between 
the  shock  layer  flow  and  the  material.  A  review  arti¬ 
cle  by  Milos  and  Rasky53  outlines  the  importance  of 
properly  defining  the  boundary  conditions  that  gov¬ 
ern  the  interactions  at  the  fluid/surface  interface.  The 
authors  also  point  out  that  since  boundary  processes 
define  the  interaction  of  the  fluid  and  solid  computa¬ 
tional  models,  their  boundary  conditions  must  agree. 
This  issue  is  especially  important  for  understanding 
the  performance  of  charring  and  ablating  thermal  pro¬ 
tection  materials.  Although  it  is  very  interesting,  this 
topic  is  outside  the  scope  of  the  present  discussion. 


Measurement  Requirements  fur  Arcjet  Flow  Modeling 

Arcjet  Flow  Measurements 

Model  Development  Measurements 

Starting  Conditions 

Simulation  Validation 

Three-body  recombination  rates 
Third-body  efficiencies 

Spontaneous  emission  rates 
Laser-excitation  rates 
Collisinnal-radiaiive  model  rates 
Species  thermodynamic  data 

Energy  Transport  Rates 

Enthalpy 

Pressure 

Mass  flows  of 
test  gases 

Inflow  velocity 
Contaminant 
level 

Turbulent  or 
laminar? 

Gradients 
Assessment  of 
equilibrium 

Velocity 

Species  concentrations 
Density 

Pressure 

Translational  T 
Rotational  T 

Vibrational  T 

Electronic  state 
populations 

Post ’nozzle  expansion 
rate 

Stream  profiles 

Fig.  10.  Classification  of  measurements  for  arcjet  flow 
modeling. 

3.  Measurement  Requirements  for  Arcjet  Flow 
Modeling 

Measurements  that  can  be  used  to  improve  compu¬ 
tational  models  of  arcjet  flows  can  be  separated  into 
general  categories,  which  are  illustrated  in  Fig.  10. 
The  first  classification  distinguishes  between  direct 
measurements  of  properties  of  arcjet  flows  and  more 
generic  measurements  that  can  influence  the  develop¬ 
ment  of  models  for  nonequilibrium,  hypersonic  flows. 
Measurements  of  thermodynamic  properties,  species 
concentrations,  velocity,  and  enthalpy  in  arcjet  flows 
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would  all  fall  into  the  first  category  of  direct  measure¬ 
ments.  More  accurate  determinations  of  important 
reaction  or  energy  transfer  rates,  which  need  not  be 
measured  in  arcjet  flows,  would  fall  into  the  second 
category.  While  this  category  is  probably  of  equal  im¬ 
portance  in  the  improvement  of  arcjet  flow  modeling, 
the  majority  of  the  discussion  below  is  concerned  with 
direct  measurements  of  primary  arcjet  flow  quantities. 

Within  the  first  category  of  direct  arcjet  flow  prop¬ 
erty  measurements,  a  further  distinction  can  be  made 
between  measurements  that  would  be  used  to  define 
starting,  or  inflow-boundary,  conditions  and  measure¬ 
ments  that  could  be  used  to  assess  the  fidelity  of  the 
simulation.  Since  the  success  of  any  flow  modeling  ef¬ 
fort  is  inextricably  linked  to  the  accuracy  with  which 
the  starting  conditions  for  the  calculation  are  defined, 
measurements  of  the  input  parameters  are  considered 
to  be  of  greater  importance.  Of  the  inflow  parame¬ 
ters  for  arcjet  flows,  the  total  enthalpy  is  the  most 
important  because  it  defines  the  total  flow  energy  and 
the  initial  composition  and  temperature.  Despite  its 
importance,  enthalpy  has  proven  to  be  the  most  diffi¬ 
cult  parameter  to  characterize  accurately,  as  discussed 
above.  Typically,  the  settling  chamber  pressure  is 
measured  to  reasonable  precision  for  most  arcjet  tests, 
so  it  is  assumed  herein  that  pressure  is  given.  Other 
primary  measurements  that  define  the  starting  con¬ 
ditions  are  the  mass  flows  of  the  test  gases  and  the 
configuration  aiid  geometry  of  the  facility. 

Velocity,  species  concentrations,  tenrperature(s),  static 
pressure,  and  density  are  examples  of  flow  property 
measurements  that  can  be  made  at  various  locations 
in  the  arcjet  to  assess  the  performance  of  a  computa¬ 
tional  model.  Flow  quantities  that  are  derived  from 
measurements  of  primary  flow  variables,  such  as  the 
dynamic  pressure,  specific  heat  ratio,  Mach  number, 
and  Reynolds  number,  are  less  important  from  the 
perspective  of  evaluating  computational  models.  How¬ 
ever,  these  quantities  are  quite  useful  in  specifying  the 
performance  of  the  arcjet  facility  and  for  relating  the 
test  conditions  to  the  expected  flight  environment. 

3.1  Enthalpy 

It  is  readily  apparent  from  even  a  casual  reading  of 
the  previous  section  on  modeling  requirements  that  all 
simulations  of  the  most  important  arcjet  regions,  the 
nozzle  and  shock-layer,  or  boundary-layer,  flows,  re¬ 
quire  knowledge  of  the  stagnation  enthalpy.  The  state 
of  enthalpy  determination  using  conventional  instru¬ 
mentation  was  examined  in  the  introductory  section, 
and  it  was  found  to  be  inadequate  for  several  reasons. 
First,  the  conventional  means  for  determining  the  flow 
enthalpy  can  only  give  an  estimate  of  the  total  value, 
which  does  not  specify  the  state  of  the  essentially 
frozen  free-stream  flow.  Second,  for  the  energy  bal¬ 
ance  and  sonic  flow  approaches,  only  the  bulk  enthalpy 


value  can  be  determined.  While  this  is  useful  for  mon¬ 
itoring  facility  performance,  the  enthalpy  value  proba¬ 
bly  does  not  represent  the  free-stream  core  flow,  where 
stagnation-point  tests  are  conducted,  unless  there  are 
no  spanwise  enthalpy  gradients.  The  assumption  of 
gradient-free  flow  appears  to  be  questionable.25  Third, 
even  when  great  care  is  taken  with  the  treatment  of 
the  calorimeter  surface,  enthalpy  values  derived  from 
heat  flux  measurements  are  likely  to  be  systematically 
low. 

It  should  be  noted  that  the  measurements  required 
for  determining  flow  enthalpy  vary  with  flow  region. 
Moreover,  the  influence  of  the  enthalpy  determination 
on  the  outcome  of  the  flow  simulations  also  depends 
on  wdiere  the  enthalpy  measurement  is  made.  For  arc 
heater  and  nozzle  flow  simulations,  a  measurement  of 
the  stream  enthalpy  within  the  downstream  electrode 
package,  which  also  functions  as  a  nominal  settling 
chamber,  is  appropriate.  However,  for  shock  layer  sim¬ 
ulations,  inaccuracies  are  accumulated  from  simulating 
both  the  nozzle  flow  and  the  shock  layer  flow.  A  more 
appropriate  enthalpy  measurement  location  would  be 
the  free  stream,  provided  that  the  measurement  could 
quantify  both  the  total  enthalpy  and  the  nonequilib¬ 
rium  state  of  the  gas.  With  this  information  about 
the  free  stream,  the  shock  layer  flow  could  be  sim¬ 
ulated  independently  of  the  nozzle  flow.  Obviously, 
owing  to  the  nonequilibrium  nature  of  the  flow,  more 
flow  property  measurements  are  required  to  determine 
the  thermodynamic  and  chemical  state  of  the  flow  in 
the  free  stream. 

Finally,  any  enthalpy  measurement  must  be  spatially 
resolved,  and  enthalpy  gradients  must  be  quantified  to 
remove  potential  ambiguity  from  the  specification  of 
the  starting  conditions.  This  issue  will  be  discussed 
further  below  and  the  applicability  of  nonintrusive  op¬ 
tical  diagnostics  to  enthalpy  measurements  will  be  ad¬ 
dressed  fully  in  the  following  lecture. 

3.2  Arc  Heater 

The  flow  within  the  arc  heater  and  electrode  package  is 
usually  subsonic  and  the  enthalpy  is  mostly  static,  be¬ 
ing  comprised  of  thermal  and  chemical  mode  contribu¬ 
tions.  Because  pressure  is  reliably  known,  a  measure  of 
total  density  or  temperature  would  permit  a  determi¬ 
nation  of  the  total  enthalpy.  Of  the  two  variables,  tem¬ 
perature  is  more  amenable  to  measurement  through 
optical  means.  Assuming  that  the  flow  is  in  thermal 
equilibrium,  then  determination  of  a  single  tempera¬ 
ture  is  sufficient  for  determining  enthalpy.  If  there  is 
optical  access  to  either  the  heater  or  electrode  pack¬ 
age  region,  then  a  spectrally  resolved  emission  mea¬ 
surement  can  be  used  to  determine  temperature.  The 
specific  procedures  for  determining  temperatures  from 
spectrally  resolved  emission  are  discussed  in  the  fol¬ 
lowing  lecture. 
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Useful  information  could  also  be  derived  from  addi¬ 
tional  measurements  of  other  flow  variables  in  the  elec¬ 
trode  package.  These  other  flow  properties  include: 
the  axial  flow  velocity;  the  azimuthal  velocity  compo¬ 
nent,  which  would  quantify  the  amount  of  swirl  at  the 
nozzle  inlet;  the  total  heat  flux  and  radiative  heat  flux 
to  the  wall;  the  amount  of  copper,  which  is  introduced 
into  the  stream  by  the  process  of  electrode  erosion;54 
and  the  electron  number  density  downstream  of  the 
arc.  Although  the  axial  extent  of  the  electrode  pack¬ 
age  region  is  usually  not  that  large,  the  flow  is  cooling 
as  it  moves  toward  the  throat.  Consequently,  a  de¬ 
termination  of  the  axial  variation  in  any  flow  quantity 
would  provide  some  insight  into  the  evolution  of  the 
flow  as  it  begins  to  accelerate. 

Owing  to  limited  accessibility,  flow  probes  are  not  a  vi¬ 
able  option.  Their  survival  at  typical  large-scale  arcjet 
facility  operating  conditions  is  also  an  issue.  Optical 
access  to  the  downstream  electrode  package  can  of¬ 
ten  be  realized,55  and  measurements  in  this  region  are 
particularly  useful  because  this  region  provides  the  in¬ 
flow  to  the  nozzle.  It  may  be  possible  to  implement 
optical  measurements  at  two  different  axial  locations 
downstream  of  the  arc  termination  to  assess  the  rate  of 
evolution  of  the  stream  properties.  Furthermore,  since 
large  fluctuations  in  the  magnitude  of  emission  from 
atomic  transitions  have  been  observed  in  the  electrode 
package,55  it  may  be  possible  to  develop  a  two  point 
correlation  approach  for  velocity  measurement. 

3.3  Arcjet  Nozzle  and  Free-Stream  Flow 

Nozzle  -  For  the  purposes  of  this  discussion,  the  start¬ 
ing  point  for  nozzle  flow  is  defined  as  the  end  of  the 
electrode  package.  Unlike  the  segmented  arc  heaters 
and  electrode  packages  of  todays  constricted-arc  facili¬ 
ties,  the  nozzle  assemblies  are  typically  fabricated  in  a 
more  monolithic  manner.  Because  they  are  fabricated 
with  integral  water  cooling,  there  is  little  hope  for  in¬ 
strumenting  existing  large-scale  arcjet  nozzles.  This 
essentially  precludes  in  situ  monitoring  of  the  onset  of 
chemical  and  thermal  freezing,  which  could  then  be 
used  as  a  starting  point  for  frozen  flow  analysis. 

Using  smaller  scale  arcjet  devices  fabricated  with  seg¬ 
mented  nozzles  it  may  be  possible  to  address  the  on¬ 
set  of  chemical,  and  possibly  thermal,  freezing  for  flow 
conditions  of  interest  in  aerothermal  testing  applica¬ 
tions.  Note  that  the  fluid  dynamic  expansion  rate 
plays  an  important  role  in  determining  the  location 
at  which  the  flow  freezes.  Whatever  studies  are  un¬ 
dertaken  in  smaller  facilities  must  address  this  issue. 

Free  Stream  -  Although  the  flow  is  usually  chem¬ 
ically  and  thermally  frozen  by  the  time  it  exits  the 
nozzle,  the  free  stream  region  is  often  optically  ac¬ 
cessible,  and  measurements  of  many  flow  properties 
are  possible.  Spatially  resolved  measurements  of  ve¬ 
locity,  translational  temperature,  density,  pressure, 


and  species  concentrations  have  all  been  made  using 
laser-induced  fluorescence  (LIF)  techniques.56-59  Re¬ 
cently,  measurements  of  enthalpy  and  its  distribution 
among  thermal,  chemical,  and  kinetic  modes,  were 
demonstrated  in  N2/Ar58  and  air/Ar59  flows  using 
two-photon  LIF  of  atomic  nitrogen.  Although  more 
property  measurements  are  required  to  determine  en¬ 
thalpy  for  nonequilibrium  flow,  the  approach  of  using 
LIF  of  the  dissociated  species  to  determine  multiple 
flow  parameters  appears  capable  of  providing  this  in¬ 
formation  with  the  aid  of  certain  assumptions.  For¬ 
tunately,  the  validity  of  the  assumptions  that  are  cur¬ 
rently  invoked  can  be  evaluated  experimentally.59  Flow 
property  measurements  using  LIF  techniques  will  be 
discussed  extensively  in  the  second  lecture. 

Although  further  development  of  this  approach  is  re¬ 
quired  to  assess  the  assumptions  and  establish  the 
range  of  applicability,  LIF  based  stream  property  mea¬ 
surements  may  ultimately  prove  sufficient  to  establish 
the  enthalpy  and  degree  of  nonequilibrium  of  the  free 
stream  flow.  This  would  provide  a  set  of  inflow  con¬ 
ditions  that  could  be  used  to  calculate  the  shock-layer 
flow.  A  computational  simulation  of  the  flow  over  a 
test  article  that  was  started  from  known  free  stream 
conditions  and  compared  to  shock-layer  property  mea¬ 
surements  would  allow  a  better  assessment  of  the  com¬ 
putational  modeling.  Determinations  of  free  stream 
rotational  and  vibrational  temperatures  and  assess¬ 
ments  of  possible  metastable  atomic  state  populations 
are  needed  to  establish  the  validity  of  the  LIF-based 
approach.59 

In  addition  to  establishing  inflow  conditions  for  shock 
layer  simulations,  the  two-photon  LIF  measurements 
provide  stream  property  information  that  can  be  used 
to  evaluate  the  fidelity  of  nozzle  flow  simulations. 
Since  total  enthalpy  is  specified  by  the  LIF  measure¬ 
ments,  with  a  quantified  uncertainty,  that  value  can  be 
used  along  with  the  constrictor  pressure  to  start  the 
nozzle  simulation.  If  the  model  used  in  the  nozzle  flow 
simulation  is  accurate,  it  should  reproduce  the  mea¬ 
sured  distribution  of  the  total  enthalpy  into  kinetic, 
thermal,  and  chemical  contributions  in  the  nonequi¬ 
librium  free  stream.  Comparisons  between  nozzle  sim¬ 
ulations  and  free  stream  measurements  are  underway 
for  the  chemically  simpler  N2/argon  flow  cases. 

3.4  Blunt-Body  Shock-Layer  Flow 

Even  with  the  free  stream  conditions  specified,  much 
is  required  in  order  to  improve  the  general  understand¬ 
ing  of  shock-layer  flows  in  the  stagnation-point  heating 
configuration  for  aerothermal  test  applications.  Finite 
rate  effects  that  vary  in  significance  depending  on  the 
test  conditions  and  model  geometry  still  control  the 
chemical  and  thermal  state  of  the  shock  layer  and  im¬ 
pact  issues  such  as  the  difference  in  catalytic  heating 
between  the  arcjet  test  conditions  and  the  flight  envi¬ 
ronment.  Moreover,  depending  on  the  test  geometry 
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and  conditions,  merged  shock  layer  and  rarified  flow 
effects  may  be  important,  and  may  complicate  the  in¬ 
terpretation  of  heat  transfer  data. 

Instrumentation  and  techniques  for  making  spatially 
resolved  flow  property  measurements  are  therefore  re¬ 
quired  to  establish  the  thermochemical  state  of  the 
gas  in  the  shock  layer  as  it  moves  toward  the  surface 
of  a  test  article.  Spatial  resolution  is  important  be¬ 
cause  the  flow  is  generally  evolving  from  a  nonequilib- 
rium  state  toward  an  equilibrium  state  as  it  approaches 
the  surface.  Understanding  this  evolution  is  important 
from  a  modeling  perspective  as  well  as  for  aiding  in  the 
interpretation  of  test  results.  Again,  for  nonequilib¬ 
rium  situations,  multiple  flow  properties,  including  ve¬ 
locity,  species  concentrations  and  temperatures  must 
be  measured  to  specify  the  flow  state.  In  contrast  to 
free  steam  conditions,  shock  layer  temperatures  (Tr, 
Tu,  and  Te)  can  reach  levels  in  excess  of  5000  K  and 
pressures  can  be  orders  of  magnitude  higher.  Many 
internal  energy  levels  of  a  number  of  species  will  be 
populated,  and  the  distributions  of  populations  over 
these  energy  levels  may  differ  for  different  species  (and 
possibly  electronic  states).  With  an  ablating  material, 
the  situation  is  even  more  complex. 

However,  the  goal  of  understanding  the  shock  layer 
thermochemistry  is  important  because  that  is  the  envi¬ 
ronment  that  must  ultimately  be  related  to  flight  con¬ 
ditions.  In  addition,  if  instrumental  approaches  that 
determine  the  thermochemical  state  of  the  shock-layer 
can  be  developed,  then  it  may  be  feasible  to  test  all¬ 
body  vehicle  configurations  in  the  long-duration,  arcjet 
flow  facilities. 

3.5  Measurement  Accuracy  Requirements 

The  uncertainty  in  experimental  measurements  and  in 
computational  predictions  is  an  important  consider¬ 
ation  in  arcjet  flow  investigations.  For  the  present 
discussion,  only  uncertainties  in  experimental  mea¬ 
surements  are  considered.  Experimental  uncertainties 
are  estimates  of  errors  in  measurements  that  typically 
arise  from  either  systematic  or  random  contributions, 
or  more  typically,  both.  The  systematic  and  random 
contributions  are  manifestations  of  the  more  general 
measurement  attributes:  accuracy  and  precision.  Def¬ 
initions  of  measurement  accuracy  and  precision,  which 
are  frequently  confused,  can  be  found  in  a  variety  of 
reference  publications,  including  a  text  on  the  sub¬ 
ject  by  Bevington.60  In  the  introductory  discussion, 
Bevington  indicates  that  the  accuracy  relates  to  how 
close  a  measured  value  is  to  the  “true”  value,  while 
precision  provides  information  on  how  well  something 
can  be  measured,  regardless  of  what  that  measurement 
means.  For  arcjet  flow  property  measurements  that 
would  be  used  to  improve  flow  modeling  capabilities, 
both  accuracy  and  precision  are  important.  However, 
because  flow  properties  are  generally  unknown,  instru¬ 
mentation  must  be  developed  to  make  measurements 


with  a  minimal  reliance  on  assumptions  that  cannot 
be  tested;  otherwise  it  is  impossible  to  assess  accu¬ 
racy.  How  closely  a  measured  flow  property  represents 
the  real  situation  is  important  from  the  perspective 
of  predicting  absolute  flow  property  magnitudes,  as  in 
the  simulation  of  a  single  arcjet  test. 

In  contrast,  it  is  often  easier  to  establish  the  precision 
of  a  particular  measurement  from  a  number  of  different 
observations  at  similar  conditions.  This  can  be  done 
without  evaluating  all  of  the  assumptions  that  may  go 
into  a  particular  measurement,  and  it  may  then  be  pos¬ 
sible  to  use  the  measured  quantity  constructively  with¬ 
out  knowing  the  absolute  accuracy.  Once  the  precision 
is  established,  then  the  measurement  could  be  made 
for  a  number  of  different  flow  conditions  where  a  single 
control  parameter,  such  as  the  arc  current,  is  varied. 
Simulations  of  these  different  flow  conditions  and  com¬ 
parisons  with  the  experimental  results  would  test  the 
ability  of  the  model  to  predict  trends  and  might  ulti¬ 
mately  do  more  to  establish  confidence  in  the  model¬ 
ing  than  single-condition  comparisons.  Obviously,  the 
model  would  have  to  be  optimized  for  an  appropriately 
chosen  test  condition.  This  approach  may  prove  to  be 
more  effective  in  advancing  both  modeling  and  instru¬ 
mentation  development,  especially  when  one  considers 
the  number  of  measurements  required  to  document  a 
single  test  case  completely.  As  the  instrumental  tech¬ 
niques  mature  and  as  more  is  learned  from  parametric 
comparisons,  then  it  may  be  feasible  to  pursue  a  single, 
well-documented  test  case. 

From  an  experimental  perspective,  given  the  scarcity 
of  data  and  the  fact  that  measurement  results  from  one 
facility  cannot  be  directly  transferred  to  another  unless 
the  configuration  is  identical,  any  property  measure¬ 
ments  that  also  have  quantified  uncertainty  estimates 
are  useful  in  advancing  the  general  state  of  knowledge. 
Enthalpy  measurements,  as  well  as  other  inflow  con¬ 
ditions  that  are  required  to  initiate  simulations,  are 
examples  of  this  type  of  flow  property.  Measurements 
that  are  used  to  evaluate  the  validity  of  computational 
models  must  be  held  to  a  higher  standard,  since  their 
determination  may  influence  changes  in  the  model  for¬ 
mulation.  It  is  difficult  to  formulate  a  general  state¬ 
ment  as  to  how  high  the  standard  should  be,  given  the 
complexity  of  present  day  CFD  models.  For  some  pa¬ 
rameters  an  accuracy  requirement  can  be  postulated 
easily.  As  an  example,  consider  LIF-measured  atomic 
nitrogen  concentrations,  which  currently  have  an  esti¬ 
mated  uncertainty  of  «  30  %  .59  Although  this  uncer¬ 
tainty  appears  to  be  large,  the  recombination  rate  for 
the  reaction, 

N  +  N  +  M->N2-\-M  , 

which  largely  determines  the  N  atom  concentration  in 
the  chemically  frozen  free  stream,  is  currently  uncer¬ 
tain  by  up  to  a  factor  of  three.62  Clearly  even  the 
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relatively  uncertain  N  atom  concentration  measure¬ 
ment  can  be  used  to  evaluate  flow  model  performance. 
To  determine  accuracy  requirements  for  other  flow 
properties,  an  effort  should  be  made  to  evaluate  un¬ 
certainties  in  quantities  currently  used  in  the  models 
and  parametric  studies  with  the  computational  model 
should  be  performed  to  evaluate  sensitivities. 

4.  Experimental  and  Computational  Investiga¬ 
tion  of  Shock-Layer  Flows 

Recent  attempts  to  simulate  arcjet  flows  and  compare 
the  numerical  predictions  with  experimental  measure¬ 
ments  illustrate  the  current  status  of  both  simulations 
and  measurements.  Knowledge  gaps  that  affect  the 
comparisons  between  simulations  and  measurements 
are  readily  apparent.  The  combined  experimental  and 
computational  investigation  of  blunt-body,  shock-layer 
flows  in  the  Ames  AHF  Arcjet  Facility  was  chosen  for 
this  purpose  because  the  investigation  was  motivated 
by  the  need  for  improved  characterization  of  arcjet 
flows,  and  understanding  the  shock-layer  flow  is  di¬ 
rectly  relevant  to  aerothermal  testing  of  thermal  pro¬ 
tection  materials.  Although  experimental  investiga¬ 
tions  have  also  been  undertaken  in  the  electrode  pack¬ 
age  and  free  stream  regions  of  the  same  arcjet  facility, 
comparisons  between  measurements  and  simulations 
for  those  studies  are  ongoing.  Consequently,  more  can 
be  learned  from  examining  the  process  and  the  results 
of  the  documented  shock-layer  flow  property  compar¬ 
isons,  and  from  the  results  of  those  comparisons. 

4.1  Objectives  of  Investigation  The  objectives  of 
this  investigation  were  to:  1)  determine  whether  a  re¬ 
gion  of  thermal  and  chemical  equilibrium  exists  in  the 
shock  layer  formed  over  a  flat-faced  cylinder;  2)  de¬ 
termine  the  conditions  required  to  establish  the  equi¬ 
librium  region;  and  3)  determine  whether  or  not  en¬ 
thalpy  measurements  could  be  derived  from  spectrally 
resolved  emission  emanating  from  the  equilibrium  re¬ 
gion. 

Early  investigations  of  arcjet  facility  flows  included  ef¬ 
forts  to  characterize  the  shock  layer  flow  using  emis¬ 
sion  spectroscopy.62’63  If  the  flow  is  in  thermal  and 
chemical  equilibrium,  then  a  measurement  of  the  tem¬ 
perature  from  spectrally  resolved  emission  and  a  con¬ 
current  pressure  measurement  would  uniquely  specify 
the  thermochemical  state  of  the  flow  and  its  enthalpy. 
A  relatively  recent  analysis  of  shock-layer  emission  ap¬ 
peared  to  indicate  the  presence  of  an  equilibrated  re¬ 
gion  within  the  shock  layer  at  a  lower  pressure  than 
had  been  expected.46  Therefore,  a  major  goal  of  the 
present  investigation  was  to  verify  the  existence  of  the 
equilibrated  region,  and  begin  the  task  of  defining  the 
conditions  that  produce  the  equilibrium  flow.  By  un¬ 
dertaking  this  investigation,  issues  associated  with  the 
development  of  an  “enthalpy  meter”  based  on  mea¬ 


surements  of  shock  layer  emission  could  also  be  as¬ 
sessed. 

At  the  outset,  several  areas  of  uncertainty  were  iden¬ 
tified  that  had  to  be  addressed  in  the  investigation. 
These  areas  included:  1)  what  criteria  are  used  to 
identify  a  region  of  thermal  and  chemical  equilibrium; 
2)  how  to  interpret  emission  measurements  with  cer¬ 
tainty;  and  3)  the  effects  of  spatial  intensity  gradients 
on  measurements  that  are  integrated  along  the  line-of- 
sight.  It  quickly  became  apparent  that  computational- 
flow  modeling  could  address  some  of  these  issues  and 
help  guide  the  experimental  investigation.  Conversely, 
it  was  realized  that  the  experimental  measurements 
might  also  provide  some  assessment  of  the  computa¬ 
tional  model  validity,  but  this  was  not  the  primary 
objective. 

4.2  Experimental  and  Computational  Approach 

Experiment  -  The  shock  layer  emission  experiments 
were  carried  out  in  the  Ames  AHF  Arcjet  Facility, 
which  was  previously  described  in  the  introductory 
section.  To  generate  the  highest  shock  layer  pressure 
values  the  facility  was  configured  with  the  30.5  cm  di¬ 
ameter  nozzle,  which  produces  the  least  free  stream 
expansion.  A  15.2  cm  diameter,  flat-faced  cylinder 
made  of  copper  was  placed  in  the  stream  to  generate 
the  shock  layer.  Two  different  test  conditions  were 
surveyed,  and  these  are  referred  to  as  the  high  pres¬ 
sure  and  low  pressure  cases.  Test  conditions  for  the 
two  cases  are  summarized  in  Table  1. 


Table  1.  Arcjet  test  conditions  for  shock  layer  inves¬ 
tigation. 


Test  Conditions 

Case 

Pressure 

Current 

Voltage 

atm 

A 

V 

Low 

1.70 

1141 

2657 

High 

6.80 

2075 

5630 

To  obtain  as  much  information  from  a  single  facility 
run  as  possible,  line-of-sight  emission  spectra  were  ac¬ 
quired  from  multiple  axial  locations  along  the  central 
stagnation  streamline  using  a  spectrograph  and  CCD 
camera.  The  model  was  placed  at  two  different  axial 
locations  in  the  stream,  34.5  and  36.9  cm  downstream 
of  the  nozzle  exit  (forward  and  back  positions,  respec¬ 
tively),  to  allow  full  coverage  of  the  shock  layer  emis¬ 
sion  with  the  finite  viewing  area  of  the  CCD  and  spec¬ 
trograph  system.  Thus,  two  separate  facility  runs  at 
the  same  nominal  operating  conditions  were  required 
to  obtain  the  full  shock  layer  emission  profile  for  each 
test  case. 

Emission  spectra  were  acquired  at  several  grating  po¬ 
sitions  covering  the  UV  to  near-IR  wavelength  range 
and  the  measured  signals  were  converted  to  absolute 
intensities  through  calibration  with  standard  spectral 
lamps.  Each  grating  position  was  chosen  to  measure 
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certain  spectral  features  that  could  be  used  to  ascer¬ 
tain  temperature  or  species  information  using  spectral 
analysis  techniques.64’65  Particular  attention  was  given 
to  developing  methods  for  determining  rotational  and 
vibrational  temperatures  using  spectral  feature  ratios 
that  minimized  the  influence  of  uncertainties  in  the 
measurements.  This  was  desirable  because  agreement 
between  the  measured  temperature  values  was  thought 
to  be  a  good  indicator  of  the  presence  of  a  thermally 
equilibrated  flow  region.  Portions  of  the  (1,2), 
(0,1),  and  (0,0)  vibrational  bands  were  found  to  yield 
vibrational  and  rotational  temperatures  with  mini¬ 
mum  uncertainty  based  on  spectral  simulations.  Note 
that  the  temperature  values  are  derived  from  emis¬ 
sion  that  is  integrated  along  the  line-of-sight,  so  the 
inferred  flow  properties  actually  represent  intensity- 
weighted,  spatially  averaged  values.  Further  details  of 
the  experimental  configuration  and  the  spectral  anal¬ 
ysis  can  be  found  in  Refs.  65  and  66. 

Computational  Modeling  Approach  -  The  ex¬ 
perimental  measurements  consisted  of  spectrally  re¬ 
solved,  absolute  intensities  from  multiple  axial  loca¬ 
tions  within  the  shock  layer  during  a  single  facility 
run.  Consequently,  the  computational  simulation  had 
to  be  able  to  address  issues  relating  to  emission,  which 
required  the  use  of  a  radiative  transport  code.  In  ad¬ 
dition,  two  different  CFD  models  were  required  to 
predict  the  shock  layer  flow.  The  first  model  was 
used  to  simulate  the  nozzle  flow  to  determine  the  free 
stream  conditions  ahead  of  the  shock  layer,  which  was 
then  simulated  with  a  second,  separate  computational 
model.  Flow  properties  predicted  by  the  shock  layer 
model  were  then  used  to  calculate  the  radiative  trans¬ 
port. 

The  two  flow  models  that  were  used  for  the  simulation 
were  developed  by  Gokgen. 67,68  Both  models  use  an 
axisymmetric  formulation,  which  is  appropriate  for  the 
conical  nozzle  flow  and  the  shock  layer  flow  over  a  flat¬ 
faced  cylinder.  Twelve  chemical  species:  N2,  O2,  NO, 
N,  0,  N£,  Oj,  NO+,  N+,  0+,  e_ ,  and  Ar;  are  modeled 
for  these  flows,  and  three  temperatures:  translational, 
rotational,  and  vibrational;  are  used  to  represent  the 
thermal  state  of  the  gas  mixture.  The  reactions  and 
rate  coefficients  that  are  used  in  the  model  are  derived 
from  the  multi-temperature  model  of  Park  and  Lee.51 
Turbulence  is  not  included  in  either  flow  model;  the 
flow  is  assumed  to  be  laminar  throughout  the  facility. 
Further  details  of  the  computational  models  can  be 
found  in  Refs.  67  and  68,  and  more  information  about 
the  nozzle  and  shock  layer  computations  can  be  found 
in  Refs.  47  and  48. 

To  calculate  the  emissive  flux  for  the  shock  layer  flow, 
the  NEQAIR69  radiative  transport  model  was  used. 
Inputs  to  the  model,  which  include  species  concentra¬ 
tions  and  temperatures,  were  obtained  from  the  flow 
solution  by  interpolating  between  calculated  quantities 


at  the  known  measurement  locations.  For  all  of  the  cal¬ 
culations,  the  emitting  level  populations  were  assumed 
to  follow  Boltzmann  distributions,  albeit  with  poten¬ 
tially  differing  values  of  rotational  and  vibrational  tem¬ 
peratures.  The  electronic  temperature  was  assumed  to 
equal  the  vibrational  temperature. 

Starting  Conditions  for  the  Calculations  The 

most  important  inputs  to  the  CFD  model  are  the  start¬ 
ing  conditions,  and,  as  discussed  above  in  the  intro¬ 
ductory  section,  the  flow  enthalpy  and  its  spatial  dis¬ 
tribution  are  not  known  in  the  free  stream  or  at  the 
entrance  to  the  nozzle.  Therefore,  some  means  of  esti¬ 
mating  the  starting  conditions  based  on  facility  mea¬ 
surements  was  required  for  the  nozzle  and  shock  layer 
simulations.  For  this  investigation,  measurements  of 
stagnation  point  heat  flux  and  shock  layer  pitot  pres¬ 
sure  were  used  to  estimate  the  total  stream  enthalpy 
based  on  an  empirical  correlation  of  the  form  presented 
in  Eq.  (6).  At  the  time  of  this  work,  the  argon  mass 
flow  rate  had  not  been  recently  measured,  so  it  was 
assumed  to  be  equal  to  5  %  of  the  total  mass  flow  for 
the  high  pressure  case.  Using  the  estimates  of  flow 
enthalpy  and  argon  mass  flow  along  with  the  facility 
measurement  of  the  arc  heater  pressure,  the  nozzle 
flow  could  be  calculated.  Based  on  the  low  level  (~ 
3  ppm) measured  in  the  stream  of  the  60  MW  arcjet 
facility,9  copper  was  not  included  in  the  simulations  of 
the  AHF  arcjet  nozzle  and  shock  layer. 

Upon  exiting  the  nozzle,  the  flow  regions  that  are 
within  the  local  Mach  angle  near  the  periphery  ex¬ 
pand  into  the  test  box  at  a  rate  that  is  different  from 
that  in  the  nozzle,  unless  the  nozzle  exit  static  pressure 
matches  the  ambient  pressure.  Owing  to  this  further 
expansion,  the  calculated  flow  property  values  at  the 
exit  of  the  nozzle  could  not  be  used  directly  as  the  in¬ 
flow  conditions  for  the  shock  layer  simulations.  This 
effect  is  well  documented  for  perfect  gas  flows,70  but 
the  rates  of  expansion  for  the  nonequilibrium  arcjet 
flows  at  various  operating  conditions  are  not  known. 
Therefore,  the  calculations  were  continued  in  the  axial 
direction  at  the  nozzle  expansion  rate  until  the  cal¬ 
culated  dynamic  pressure  matched  the  value  derived 
from  the  shock  layer  pitot  pressure  measurement  us¬ 
ing  Eq.  (1).  Although  this  procedure  does  not  exactly 
reproduce  the  fluid  dynamics  of  the  full  free  stream, 
it  produced  acceptable  inflow  conditions  for  the  shock 
layer  simulations  without  requiring  a  complete  simu¬ 
lation  of  the  flow  in  the  test  box. 

It  should  be  noted  that  the  enthalpy  value  that  was 
ultimately  used  in  the  simulations  was  greater  than 
the  value  derived  from  the  stagnation  point  heat  flux 
and  pressure  measurements  for  both  the  high  and  low 
pressure  test  cases.  After  performing  initial  compar¬ 
isons  between  the  calculated  and  measured  emission 
spectra,  the  enthalpy  was  increased  for  both  test  cases 
to  bring  the  calculated  spectra  into  closer  agreement 
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with  the  measurements.  The  total  increase  for  the  high 
pressure  case  was  limited  arbitrarily  to  10  %,  although 
it  could  have  been  increased  further,  as  will  be  seen  be¬ 
low.  Adjusting  the  total  flow  enthalpy  estimate  to  a 
higher  value  is  justified  if  the  calorimeter  surface  has  a 
low  catalycity  and  the  recombining  atom  flux  is  signifi¬ 
cant,  because  correlations  such  as  Eq.  (6)  apply  to  fully 
catalytic  surfaces.  While  the  catalycity  of  the  partic¬ 
ular  calorimeter  used  for  these  measurements  is  not 
precisely  known,  the  surface  of  the  constantan  foil  was 
known  to  have  a  ceramic  oxide  coating,  so  the  gauge 
was  considerably  less  than  fully  catalytic.  Given  the 
uncertainty  in  the  total  flow  enthalpy,  the  poor  agree¬ 
ment  found  in  the  initial  comparisons  between  calcu¬ 
lated  and  measured  spectra  could  not  be  attributed  to 
the  flow  model.  This  clearly  illustrates  the  importance 
of  quantifying  the  stream  enthalpy,  since  using  the  ex¬ 
perimental  measurements  to  guide  the  adjustment  of 
the  input  conditions  compromises  any  assessment  of 
the  flow  model. 


4.3  High  Pressure  Case 


Calculated  Shock-Layer  Properties  -  Using  the 
inflow  conditions  and  two-model  computational  ap¬ 
proach  the  flow  properties  were  calculated  for  the 
shock  layer  at  the  high  pressure  case  conditions.  Axial 
profiles  of  the  flow  properties  along  the  central  stream¬ 
line  where  the  measurements  were  made  are  shown  in 
Fig.  11  and  12.  The  axial  distributions  of  pressure  and 
temperature  are  shown  in  Fig.  11  as  a  function  of  non- 
dimensionalized  distance  from  the  test  article  surface. 
Note  that  the  nozzle  solution  predicts  that  the  flow 
is  vibrationally  frozen  ahead  of  the  shock,  but  the  ro¬ 
tational  energy  is  predicted  to  be  in  equilibrium  with 
translation.  The  rotational  and  translational  temper¬ 
atures  rise  significantly  near  the  shock  and  decrease 
as  the  blunt-body  surface  is  approached.  A  lesser  in¬ 
crease  is  exhibited  by  the  vibrational  temperature,  and 
all  three  temperatures  are  seen  to  converge  to  a  value 
that  is  very  close  to  the  equilibrium  temperature  for 
these  conditions  at  about  0.1  R  upstream  of  the  sur¬ 
face.  Thus,  the  calculations  suggest  that  there  is  a 
region  of  thermal  equilibrium  within  the  shock  layer 
at  the  high  pressure  conditions. 


Axial  profiles  of  species  mass  fractions  are  shown  in 
Fig.  12,  also  as  a  function  of  the  normalized  distance 
upstream  of  the  test  article  surface.  Outside  of  the 
surface  boundary  layer,  at  the  point  where  the  tem¬ 
perature  values  converge,  the  species  mass  fractions 
are  quite  close  to  their  equilibrium  values,  which  are 
indicated  on  the  right-most  vertical  axis.  According  to 
the  simulation,  the  flow  is  also  very  nearly  in  chemical 
equilibrium  at  these  test  conditions. 


Fig.  11.  Temperature  and  pressure  profiles  within  the 
shock  layer  for  the  high  pressure  case. 


Distance,  x/R 

Fig.  12.  Species  mass  fraction  profiles  within  the  shock 
layer  for  the  high  pressure  case. 

In  the  description  of  the  experimental  effort  above,  the 
use  of  Nj"  spectral  features  to  determine  vibrational 
and  rotational  temperature  values  within  the  shock 
layer  was  noted.  For  an  isolated  rovibrational  transi¬ 
tion,  the  measured  intensity  for  thermal  equilibrium 
conditions  can  be  expressed  as 


Ix  =  ^e-E„lkT  (?) 

where  I\  is  the  spectral  intensity,  I\\  represents  the 
line  shape  function  and  the  transition  strength,  n  is 
the  species  density,  Q  is  the  partition  function,  L  is 
the  line-of-sight  path  length,  and  Eu  is  the  total  upper 
state  energy.  This  expression  shows  that  the  inten¬ 
sity  has  a  linear  dependence  on  the  emitting  species 
density  and  an  exponential  dependence  on  tempera¬ 
ture.  From  the  computed  axial  property  profiles  of 
Figs.  11  and  12,  it  is  apparent  that  all  temperatures 
and  the  Nt  concentration  are  higher  near  the  shock 
front.  Consequently,  the  measured  emission  could 
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easily  be  dominated  by  contributions  from  emission  at 
the  shock  front,  where  nonequilibrium  effects  are  more 
likely  to  be  present.  Temperatures  are  derived  from 
intensities  with  the  implicit  assumption  that  the  ro¬ 
tational  and/or  vibrational  level  populations  are  each 
thermally  equilibrated.  If  the  measured  intensity  is 
dominated  by  emission  from  nonequilibrium  regions, 
then  this  assumption  is  untenable. 


The  prediction  of  significantly  higher  temperatures 
and  Ng  concentrations  near  the  shock  front  led  to 
a  further  analysis  of  the  flow  property  distributions 
along  the  emission  measurement  sight  lines.  Recall 
that  one  of  the  objectives  was  to  use  temperature  mea¬ 
surement  comparisons  to  determine  whether  or  not  the 
flow  reached  thermochemical  equilibrium.  This  re¬ 
quires  that  the  temperature  values  derived  from  the 
spectral  analysis  actually  represent  the  central,  core¬ 
flow  region,  rather  than  the  shock  front.  To  assess  this 
potential  problem  in  interpreting  the  spectral  data, 
computed  flow  property  profiles  along  the  spanwise 
flow  direction  were  extracted  from  the  shock  layer  so¬ 
lution  at  selected  axial  measurement  locations. 


Fig.  13.  Temperature  variation  along  the  line-of-sight 
for  the  high  pressure  case. 


Profiles  of  rotational  and  vibrational  temperatures 
along  the  line-of-sight  direction,  which  is  normal  to 
the  flow  axis,  are  shown  in  Fig.  13  for  two  of  the  mea¬ 
surement  positions.  The  axial  location  of  the  sightlines 
is  given  on  the  figure  in  terms  of  the  distance  from  the 
surface  of  the  test  article.  Again,  this  will  make  it  dif¬ 
ficult  to  draw  conclusions  about  the  state  of  the  flow 
from  temperatures  derived  from  the  emission  spectra. 


Fig.  14.  Nj  number  density  along  the  line-of-sight  for 
the  high  pressure  case. 

Computed  number  densities  are  shown  in  Fig.  14  as 
a  function  of  distance  along  the  line-of-sight  at  three 
different  axial  measurement  locations,  two  of  which 
correspond  to  the  locations  of  the  temperature  profiles 
in  the  previous  figure.  As  with  temperatures,  there  is 
a  significant  increase  in  Nj  number  density  near  the 
shock  front.  For  the  two  flow  properties  that  govern 
emission  from  Nj,  the  shapes  of  the  spanwise  pro¬ 
files  are  predicted  to  be  far  from  the  idealized  top  hat 
distribution  that  is  assumed  to  exist  in  the  spectral 
analysis. 

Comparisons  With  Measurements  -  Despite  the 
indication  that  strong  spatial  gradients  would  com¬ 
promise  the  derivation  of  flow  properties  from  the 
measured  intensities,  values  of  liire-of-sight  integrated 
rotational  temperature,  vibrational  temperature,  and 
number  density  values  were  extracted  from  the  spec¬ 
tral  data.  To  make  a  meaningful  comparison,  the  cal¬ 
culated  flow  field  emission  was  averaged  in  the  same 
manner  as  the  measured  intensity.  The  approach  used 
to  derive  these  values  from  the  flow  property  and  emis¬ 
sion  calculations  is  described  at  length  in  Ref.  47 . 

Comparisons  of  the  measured  and  calculated  line- 
of-sight  (LOS)  averaged  temperatures  are  shown  in 
Fig.  15.  Measured  and  calculated  vibrational  and  ro¬ 
tational  temperatures  are  shown  as  a  function  of  the 
normalized  distance  from  the  surface  of  the  test  arti¬ 
cle.  Despite  the  predicted  strength  of  the  shock-front 
region  emission,  the  computed,  LOS-averaged  temper¬ 
atures  still  appear  to  nearly  converge  near  the  test  ar¬ 
ticle  surface.  Compared  to  the  measured  temperature 
values,  the  computed  LOS  averaged  values  appear  to 
approach  convergence  faster  and  to  a  greater  degree. 
Although  the  overall  trends  appear  to  be  consistent 
between  the  measured  and  calculated  values,  the  two 
sets  of  LOS-averaged  temperatures  do  not  agree.  In 
view  of  this  disparity  and  because  the  measured  tem¬ 
perature  values  do  not  converge,  the  existence  of  an 
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equilibrated  flow  region  could  not  be  ascertained  from 
the  comparison. 


Fig.  15.  Predicted  and  measured  line-of-sight  averaged 
temperatures  for  the  high  pressure  case. 

By  assuming  that  the  vibrational  temperature  deter¬ 
mined  from  the  spectral  analysis  of  the  measured  in¬ 
tensities  represented  the  electronic  temperature,  val¬ 
ues  of  LOS-integrated  N2+  number  density  could  be 
determined.  As  was  done  for  temperature,  an  ap¬ 
proach  for  deriving  a  comparable  quantity  from  the 
calculated  flow  properties  was  also  developed.71  Mea¬ 
sured  and  calculated  values  of  the  LOS-integrated  Nt 
number  density  are  compared  in  Fig.  16.  Some  of  the 
disagreement  between  the  two  sets  of  number  densi¬ 
ties  can  be  attributed  to  differences  in  spatial  gradi¬ 
ents  along  the  line-of-sight.  Until  the  spatial  gradient 
effects  are  investigated  experimentally,  it  is  not  pos¬ 
sible  to  determine  whether  the  difference  seen  in  the 
comparison  nearer  the  test-article  surface  is  caused  by 
spatial  averaging  from  the  optical  system  or  by  inac¬ 
curate  modeling  of  the  dissociative  recombination 
processes. 


Fig.  16.  Predicted  and  measured  LOS-integrated  N, 
number  density  for  the  high  pressure  case. 


Based  on  the  comparisons  between  the  measured  and 
calculated  flow  properties  above,  it  was  not  possible  to 
determine  whether  an  equilibrated  flow  region  exists 
within  the  shock  layer  for  these  conditions.  Such  a  de¬ 
termination  clearly  requires  an  approach  that  resolves 
the  spatial  intensity  gradients  to  extract  information 
from  the  relevant  flow  region  in  the  core  of  the  shock 
layer.  Once  that  is  done,  then  the  impact  of  other 
assumptions  can  be  examined,  and  the  processes  that 
lead  to  equilibration  can  be  investigated.  Although 
the  question  of  an  equilibrated  region  was  not  conclu¬ 
sively  resolved,  it  was  still  possible  to  address  whether 
or  not  emission-based  measurements  could  be  used  to 
determine  the  thermochemical  state  of  the  flow. 

For  these  investigations,  the  experimental  instrumen¬ 
tation  did  not  actually  measure  flow  properties.  In¬ 
stead,  flow  property  information  was  derived  from  an 
analysis  of  measured  emissive  intensities.  To  address 
the  issue  of  using  emission  to  evaluate  the  flow  en¬ 
thalpy  and  to  understand  how  the  experimental  ap¬ 
proach  and  the  computational  modeling  might  be  im¬ 
proved,  comparisons  were  made  between  calculated 
and  measured  spectral  data  at  selected  measurement 
locations. 

I 
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Fig.  17.  Measured  and  computed  emission  spectra  for 
the  240  nm  grating  position,  20.7  mm  upstream  of  test 
article. 

Comparisons  between  the  measured  and  calculated 
emission  spectra  are  presented  below  at  several  grating 
positions  for  a  single  axial  location,  20.7  mm  upstream 
of  the  test  article.  For  the  240  nm  grating  position,  the 
comparison  is  shown  in  Fig.  17.  At  this  spectral  loca¬ 
tion,  the  emission  is  mainly  from  NO  7  and  6  with 
probable  contributions  from  the  /?  and  e  systems.  Ow¬ 
ing  to  the  overlap  of  the  emission  from  the  different 
electronic  states  of  NO,  extracting  temperature  infor¬ 
mation  from  this  spectral  region  is  not  feasible.  Except 
for  emission  below  2100  A,  the  calculated  intensity  is 
less  than  the  measured  value. 


Fig.  18.  Measured  and  computed  emission  spectra  for 
the  310  nm  grating  position,  20.7  mm  upstream  of  test 
article. 

A  similar  comparison  of  measured  and  calculated  emis¬ 
sion  spectra  at  the  310  nm  grating  position  is  shown 
in  Fig,  18.  The  off-scale  spectral  features  are  Cu  atom 
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transitions.  Copper  is  present  in  the  stream  because 
of  electrode  erosion,  and  it  is  not  included  in  the  com¬ 
putational  model.  Emission  from  molecular  species  in 
this  spectral  region  is  mainly  from  NO  at  shorter  wave¬ 
lengths,  and  N2  (2+)  and  Ni[  (1-)  systems  at  the  longer 
wavelengths.  The  strongest  emission  peaks  aside  from 
those  due  to  Cu  emission  are  from  N2  (2+).  Agree¬ 
ment  between  the  calculations  and  the  measurements 
is  reasonable  good  in  shape,  but  the  overall  signal  level 
from  the  computational  spectra  appears  to  be  low.  Re¬ 
call  that  the  calculated  signal  levels  are  exponentially 
dependent  on  the  electronic  temperature.  If  the  calcu¬ 
lated  electronic  temperature,  which  is  nearly  6000  I< 
at  this  measurement  location,  was  increased  by  200  K, 
the  N2  (2+)  emission  would  nearly  double. 
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Fig.  19.  Measured  and  computed  emission  spectra  for 
the  345  nm  grating  position,  20.7  mm  upstream  of  test 
article. 

For  the  345  nm  grating  position  comparison,  which  is 
shown  in  Fig.  19,  the  emission  is  mainly  from  molec¬ 
ular  species:  N2  (2+),  N^  (1-),  and  CN  violet.  The 
CN  in  the  flow  comes  from  dissociation  of  C02  that 
is  present  naturally  in  air  and  the  subsequent  recom¬ 
bination  of  C  and  N.  Although  it  is  truly  a  minor 
species,  the  transition  strength  is  large  and  it  is  a  sig¬ 
nificant  emitter,  as  seen  in  the  region  near  3550  A 
where  several  of  the  measured  peaks  are  not  repro¬ 
duced  by  the  calculated  spectra.  Cyanogen  was  not  in¬ 
cluded  as  a  species  in  the  computational  model.  Some 
of  the  under-prediction  of  the  intensity  magnitude  can 
therefore  be  attributed  to  the  exclusion  of  CN  from 
the  calculation.  For  the  Nij"  (1-)  emission,  a  200  K 
increase  in  the  electronic  temperature  would  produce 
a  roughly  20  %  increase  in  the  calculated  intensity. 

Comparisons  were  also  done  for  the  415  and  450  nm 
grating  positions,  which  contained  mostly  molecular 
emission,  and  the  agreement  between  the  measured 
and  calculated  intensity  magnitude  is  better,  although 
the  calculated  levels  are  still  low.  The  improved  agree¬ 
ment  for  these  grating  positions  is  likely  due  to  their 
use  to  guide  the  adjustment  of  the  estimated  stream 
enthalpy. 

The  shock  layer  flow  also  contained  significant  O  and 
N  atom  populations,  and  atomic  transition  intensi¬ 
ties  were  recorded  at  two  near-IR  grating  positions. 
The  measured  and  computed  emission  from  O  atomic 
transitions  at  777  nm  and  845  nm  are  compared  in 
Figs.  20a  and  20b.  As  with  the  grating  positions  at  the 
shorter  wavelengths,  the  calculated  intensity  is  gener¬ 
ally  lower  than  the  measured  intensity.  At  a  calculated 
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electronic  temperature  of  6000  K,  an  increase  of  200 
I<  would  nearly  double  the  atomic  emission. 
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Fig.  20.  Measured  and  computed  emission  from  the 
a)  777  nm  O  transitions  and  from  the  b)  845  nm  O 
transition,  20.7  mm  upstream  of  test  article. 


Similar  comparisons  were  done  for  N  atom  transitions 
and  these  are  shown  in  Fig.  21a  and  21b  for  the  744 
and  868  nm  N  transitions,  respectively.  The  calculated 
emission  for  the  N  atom  transitions  is  also  low  and 
because  the  emitting  states  are  at  energy  levels  that 
are  similar  to  those  of  the  O  atom  transitions  above,  an 
increase  in  the  electronic  temperature  of  200  K  would 
also  result  in  a  near  doubling  of  the  intensity  for  these 
transitions. 


a.) 


Fig.  21.  Measured  and  computed  emission  from  the 
a)  745  nm  N  transition  and  from  the  b)  868  nm  N 
transition,  20.7  mm  upstream  of  test  article. 
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Based  on  these  spectral  comparisons,  it  appears  that 
the  calculated  emission  was  generally  low  for  all  grat¬ 
ing  positions  at  this  measurement  location.  Since  the 
emission  is  exponentially  dependent  on  temperature, 
it  is  likely  that  the  calculated  flow  temperature  was 
low.  Again,  the  most  likely  culprit  for  this  discrep¬ 
ancy  is  the  enthalpy,  which  was  probably  not  raised 
to  the  proper  level.  Clearly,  the  exponential  depen¬ 
dence  of  the  emission  on  temperature  makes  emission 
a  very  sensitive  indicator  of  flow  temperature.  From 
an  instrumentation  development  perspective,  this  im¬ 
plies  that  emission-based  measurements  have  both  the 
signal  magnitude  and  sensitivity  that  are  necessary 
to  measure  temperature,  and  ultimately  flow  enthalpy 
(with  the  assupmtion  that  velocity  is  negligible  within 
the  shock  layer),  reasonably  well.  However,  the  spa¬ 
tial  gradients  must  be  resolved  for  this  approach  to 
succeed. 

A  different  perspective  on  the  LOS-integrated 
number  density  distribution  that  was  presented  in 
Fig.  16  can  be  obtained  by  comparing  measured  and 
calculated  N2"  (1-)  emission  for  a  single  grating  posi¬ 
tion  at  each  of  the  measurement  locations  on  the  cen¬ 
tral  stagnation  streamline.  This  comparison  is  shown 
for  the  426  nm  grating  position  in  Fig.  22a  for  the 
back  position  of  the  test  article,  and  in  Fig.  22b  for 
the  forward  position.  There  is  an  easily  distinguish¬ 
able  difference  between  the  evolution  of  the  measured 
signal  and  the  calculated  signal.  By  performing  a  di¬ 
rect  comparison  of  measured  and  calculated  emission 
spectra,  uncertainties  introduced  in  the  analysis  that 
was  performed  to  derive  flow  properties  from  measured 
intensities  are  avoided.  However,  possible  differences 
between  measured  and  calculated  flow  property  gradi¬ 
ents  are  still  present  and  will  influence  the  comparison. 
Of  particular  concern  is  the  possibility  of  additional 
averaging  of  the  measured  intensities  that  may  have 
been  caused  by  the  optical  collection  system.65  This 
possibility  has  not  been  accounted  for  in  these  com¬ 
parisons,  so  only  qualitative  statements  can  be  made 
regarding  the  differences  between  the  calculated  and 
measured  spectra. 

a.) 


b.) 


Fig.  22.  Nj  emission  at  420  nm  grating  position  for  all 
of  the  axial  measurement  locations  for  the  high  pres¬ 
sure  case:  a.)  back  position;  b.)  forward  position. 

In  Figs.  22a  and  22b,  it  is  apparent  that  the  measured 
rate  of  evolution  and  decline  of  the  N  J  emission  as  the 
flow  goes  from  the  shock  to  the  test  article  is  less  rapid 
than  predicted  by  the  calculations.  Although  the  lim¬ 
itations  in  the  spatial  resolution  of  the  optical  system 
preclude  further  statements  about  the  axial  distribu¬ 
tion  of  the  Nj"  emission,  the  comparison  does  illustrate 
the  possibility  of  using  emission  spectra  to  evaluate  the 
population  dynamics  of  important  shock  layer  species. 

4.4  Low  Pressure  Case 

Starting  Conditions  -  The  lower  pressure  case  test 
conditions  were  chosen  to  maximize  the  change  in 
shock  layer  pressure,  which  was  reduced  by  a  factor  of 
3.  At  the  lower  pressure,  the  collision  frequency  in 
the  shock  layer  is  reduced  significantly.  Consequently, 
the  flow  is  less  likely  to  be  in  thermal  or  chemical  equi¬ 
librium.  If  the  degree  of  departure  from  equilibrium 
could  be  determined  at  these  test  conditions,  then 
progress  could  be  made  in  defining  the  test  conditions 
that  lead  to  equilibration  within  the  shock  layer. 

As  was  found  in  the  comparisons  between  the  simu¬ 
lated  and  measured  emission  spectra  for  the  high  pres¬ 
sure  case,  the  comparisons  for  the  low  pressure  case 
indicated  that  the  stream  enthalpy  value  derived  from 
the  stagnation  point  heat  flux  and  pressure  measure¬ 
ments  was  probably  low.  Therefore,  additional  calcu¬ 
lations  were  performed  at  total  enthalpy  values  that 
were  14  %  and  32  %  higher  than  the  estimated  values. 
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Ill  addition  to  the  uncertainty  in  the  stream  enthalpy 
that  was  present  for  both  the  high  and  low  pressure 
test  cases,  the  uncertain  argon  mass  flow  rate  became 
an  issue  for  the  simulations  of  the  low  pressure  con¬ 
ditions.  The  total  mass  flow  rate  for  the  low  pressure 
case  was  reduced  by  a  factor  of  «  4,  based  on  the  re¬ 
duction  in  pressure,  while  the  start  and  shield  argon 
mass  flow  remained  constant.  For  the  high  pressure 
case,  the  argon  mass  flow  was  assumed  to  be  5  %  of  the 
total  mass  flow.  This  implied  that  the  relative  argon 
mass  flow  could  be  20  %  of  the  total  mass  flow  for  the 
low  pressure  case.  At  this  level,  the  uncertainty  in  the 
argon  mass  flow  becomes  more  important  because  of 
its  increased  participation  in  the  reaction  kinetics.  For 
example,  in  three-body  recombination  reactions,  Ar  is 
less  efficient  than  N2  as  the  third  body.61  To  address 
this  additional  uncertainty  and  attempt  to  bound  its 
influence,  flow  simulations  were  performed  for  three 
different  argon  mass  fractions:  5  %,  10  %,  and  30  %. 

Thus,  owing  to  the  uncertain  starting  conditions  a  to¬ 
tal  of  five  different  simulations  of  the  shock  layer  flow 
for  the  low  pressure  case  were  computed.  The  start¬ 
ing  conditions  and  computed  free  stream  properties  for 
each  of  these  simulations  are  summarized  in  Table  2. 
At  nearly  constant  enthalpy,  increased  argon  mass  flow 
is  seen  to  increase  the  temperatures  and  free  stream 
velocity  slightly,  while  increasing  the  dissociation  frac¬ 
tion  for  nitrogen  substantially.  Comparing  cases  that 
have  the  same  argon  mass  fraction,  increasing  the  total 
enthalpy  produces  results  that  are  similar  to  increasing 
argon  mass  fraction  at  constant  enthalpy.  This  uncer¬ 
tainty  in  the  starting  conditions  clearly  create  difficul¬ 
ties  for  comparisons  of  simulations  and  experimental 
measurements. 

Table  2.  Starting  conditions  and  free  stream  proper¬ 
ties  for  the  low  pressure  test  case  simulations 
Parameter  Case  1  Case  2  Case  3  Case  4  Case  5 


po,  atm 

1.7 

1.7 

1.7 

1.7 

1.7 

fio,MJ/kg 

15.2 

15.15 

17.15 

17.26 

20.07 

WAr 

.05 

.30 

.05 

.30 

.10 

u0 o,  km/s 

4.12 

4.19 

4.29 

4.39 

4.53 

Poo ,  Pa 

62. 

57.5 

58.5 

57.1 

57.6 

Too,  K 

727 

775 

741 

823 

786 

Tv  00,  Iv 

2960 

3360 

3100 

3550 

3370 

wN2 

.67 

.45 

.63 

.42 

.53 

wN 

.06 

.09 

.10 

.12 

.16 

Wo 

.22 

.16 

.22 

.16 

.21 

Calculated  Shock-Layer  Properties  -  Using  the 
Case  3  conditions,  axial  profiles  of  temperatures  and 
pressure  for  the  shock  layer  flow  were  computed,  and 
these  are  shown  in  Fig.  23  as  a  function  of  the  nor¬ 
malized  distance  from  the  test  article  surface.  While 
the  rotational  and  translational  temperatures  are  still 
higher  near  the  shock,  the  increase  over  the  levels 
nearer  the  test  article  is  not  as  great  as  was  seen  for 


the  high  pressure  case  (see  Fig.  11).  At  the  lower 
shock  layer  pressure,  the  vibrational  and  translational- 
rotational  temperatures  do  not  appear  to  converge 
outside  of  the  boundary  layer  of  the  test  article.  This 
is  in  contrast  to  the  results  of  the  simulation  for  the 
high  pressure  case,  where  the  temperatures  clearly 
converged  as  the  model  surface  was  approached.  Ac¬ 
cording  to  the  simulation,  the  shock  layer  is  not  in 
thermal  equilibrium,  except  within  the  boundary  layer 
at  these  simulated  conditions. 


Fig.  23.  Axial  profiles  of  temperature  and  pressure  in 
the  shock  layer. 


Fig.  24.  Axial  profiles  of  species  populations  in  shock 
layer. 

For  the  same  starting  conditions,  the  axial  profiles  of 
the  neutral  species  and  are  plotted  in  Fig.  24,  again 
as  a  function  of  the  nondimensional  distance  from  the 
surface.  As  was  seen  in  the  high  pressure  case,  there 
appears  to  be  a  significant  peak  in  the  N*  concen¬ 
tration  near  the  shock  front.  However,  for  the  low 
pressure  conditions  of  this  simulation,  the  mass  frac¬ 
tion  near  the  shock  front  is  only  «  5  times  higher  than 
the  mass  fraction  nearer  the  test  article  surface  (as 
opposed  to  «  50  times  for  the  high  pressure  case,  see 
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Fig.  12).  The  mass  fractions  of  N  and  N2  do  not  reach 
a  limiting  value  as  the  surface  is  approached,  so  the 
simulation  indicates  that  the  shock  layer  is  also  not  in 
chemical  equilibrium. 

a.) 


Distance  along  the  line  of  sight,  m 


b.) 


Distance  along  the  line  of  sight,  m 

Fig.  25.  Computed  flow  property  profiles  for  Case  3 
conditions  at  selected  axial  locations  for  a)  tempera¬ 
tures  and  b)  N2+  number  density. 

Although  the  starting  enthalpy  and  argon  mass  flow 
values  were  less  certain  for  the  low  pressure  case,  the 
gradients  in  the  Njj"  and  temperature  profiles  appeared 
to  be  less  severe  than  found  for  the  high  pressure  case. 
To  assess  the  spatial  gradients  along  the  optical  sight 
lines  at  the  measurement  locations,  temperature  and 
species  profiles  were  extracted  from  the  shock  layer  so¬ 
lutions,  and  these  are  shown  for  selected  axial  locations 
in  Figs.  25a  and  25b,  respectively.  For  both  temper¬ 
atures  and  Nj  number  density,  the  computed  profiles 
along  the  lines-of-sight  are  much  closer  to  the  ideal¬ 
ized  top-hat.  distributions  that  are  required  to  derive 
temperatures  that  are  representative  of  the  core  flow 
region  from  the  spectral  analysis  of  the  measured  in¬ 
tensities.  Unfortunately,  it  appears  that  the  majority 
of  the  shock  layer  flow  is  likely  to  be  in  nonequilib¬ 
rium,  which  may  violate  the  other  major  assumption 


of  the  spectral  analysis.  The  degree  of  departure  from 
equilibrium  and  its  impact  on  the  distributions  of  pop¬ 
ulations  over  the  various  energy  levels  is  difficult  to 
quantify. 

Comparisons  With  Measurements  -  As  with  the 
high  pressure  case,  rotational  and  vibrational  tem¬ 
perature  values  were  derived  from  an  analysis  of  Nt 
spectral  features.66  Using  an  intensity-weighted  aver¬ 
aging  approach,47  temperature  values  that  could  be 
compared  with  the  experimental  values  were  extracted 
from  the  computed  flow  properties  at  the  axial  mea¬ 
surement  locations  for  some  of  the  different  simula¬ 
tion  cases.  Comparisons  between  the  computed  and 
measured  LOS-averaged  temperatures  are  shown  in 
Figs.  26  and  27,  for  the  simulation  conditions  of  Case 
3  and  Case  4,  respectively.  For  these  two  cases,  the 
enthalpy  levels  were  in  the  middle  of  the  range  of  sim¬ 
ulations  and  were  nearly  in  agreement.  However,  for 
Case  3  the  argon  mass  fraction  was  0.05,  while  for  Case 
4,  the  argon  mass  fraction  was  0.3.  In  Fig.  26,  for  the 
Case  3  condition,  there  are  significant  differences  in 
both  trends  and  magnitudes  between  the  computed 
and  measured  temperatures.  First,  for  the  experimen¬ 
tal  values,  the  rotational  and  vibrational  temperatures 
do  not  appear  to  overlap,  except  perhaps  accidentally 
at  one  or  two  measurement  locations.  Owing  to  low 
signal  levels  near  the  shock  front,  the  measured  val¬ 
ues  are  highly  uncertain.  Consequently,  the  discussion 
of  trends  will  be  restricted  to  the  positions  nearer  to 
the  surface  than  x/R  =  -0.4.  For  those  locations,  the 
trends  in  the  computed  and  measured  vibrational  tem¬ 
peratures  appear  to  be  reasonably  similar,  although 
the  measured  values  are  generally  greater  in  magni¬ 
tude.  In  contrast,  the  measured  rotational  tempera¬ 
tures  do  not  appear  to  decrease  significantly  from  the 
values  near  the  shock  front,  while  the  computed  rota¬ 
tional  temperatures  clearly  show  evidence  of  relaxation 
going  toward  the  test  article. 


Fig.  26.  Computed  and  measured  LOS-averaged  tem¬ 
peratures  for  the  conditions  of  Case  3  (ho  =  17.15 
MJ/kg,  wAr  —  0.05). 
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Fig.  27.  Computed  and  measured  LOS-averaged  tem¬ 
peratures  for  the  conditions  of  Case  3  (ho  =  17.26 
MJ/kg,  wAr  =  0.30). 

At  the  high  argon  mass  flow  conditions  of  Case  4,  the 
comparison  between  measured  and  computed  LOS- 
averaged  vibrational  temperatures  shows  improved 
agreement  on  the  magnitude,  while  maintaining  rea¬ 
sonable  agreement  on  the  shape  of  the  distribution 
at  locations  closer  than  x/R  —  -0.4.  The  agreement 
between  magnitudes  of  the  computed  and  measured 
LOS-averaged  rotational  temperatures  also  appears  to 
be  improved  with  the  increased  argon  mass  flow,  but 
the  difference  between  the  distributions  is  unaffected. 
It  should  be  noted  that  the  influence  of  streamwise 
and  spanwise  spatial  averaging  by  the  optical  collec¬ 
tion  system  on  the  measured  values  has  not  been  fully 
accounted  for  in  these  comparisons.  Considering  the 
uncertainty  in  the  starting  conditions  for  the  simula¬ 
tions  and  the  uncertainty  in  the  unresolved  spatial  in¬ 
tensity  gradients  for  the  experiment,  the  general  lack 
of  agreement  is  not  surprising. 

4.5  Spatially  Resolved  Measurements 

In  a  recent  set  of  experiments  conducted  at  the  low 
pressure  test  conditions,  Park  acquired  emission  spec¬ 
tra  from  multiple  locations  along  the  spanwise  direc¬ 
tion  as  a  single  axial  position  within  the  shock  layer. ' 1 
Several  separate  emission  measurements  were  recorded 
simultaneously  by  the  spectrograph  and  CCD  system, 
and  a  series  of  adjusted  collection  mirror  positions  were 
used  to  cover  the  radial  extent  of  the  shock  layer  dur¬ 
ing  a  single  facility  run.  An  Abel-inversion  was  then 
used  to  obtain  spatially  resolved  emission  spectra  from 
the  LOS-integrated  intensities.  Finally,  temperatures 
were  derived  from  the  Abel-inverted  spectra  using  an 
analytical  method  that  involved  ratios  of  spectral 
features  and  ratios  of  0  atom  transitions.  A  fuller 
description  of  the  experiment  and  the  analytical  ap¬ 
proach  is  given  in  Ref.  71. 

Radial  distributions  of  the  rotational,  vibrational,  and 
electronic  temperatures  that  were  derived  from  the 


spectrally  resolved  emission  are  shown  in  Fig.  28.  The 
rotational  and  vibrational  temperatures  were  deter¬ 
mined  using  the  same  analytical  approach  that  was 
used  to  derive  temperatures  from  the  line-of-sight  in¬ 
tensities,  above.  As  explained  in  Ref.  71,  two  sets  of 
atomic  oxygen  transitions  were  used  to  calculate  elec¬ 
tronic  temperature.  Thus,  the  two  electronic  temper¬ 
ature  distributions  are  labeled  by  the  shorter  wave¬ 
length  transition  used  in  each  intensity  ratio.  Ow¬ 
ing  to  an  unresolved  background  contribution  at  the 
8446.5  A  transition,  electronic  temperatures  derived 
from  the  intensity  of  that  transition  are  systematically 
low.  Electronic  temperature  values  obtained  using  the 
7773.4  A  transition  are  believed  to  be  valid. 
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Fig.  28.  Radial  temperature  profiles  in  the  shock  layer 
at  12.7  mm  upstream  from  the  test  article.  Labels  for 
Te  indicate  the  shorter  wavelength  O  transition  of  the 
pair. 

The  most  striking  aspect  of  the  radial  temperature  dis¬ 
tribution  shown  in  Fig.  28  is  that  the  rotational,  vibra¬ 
tional,  and  electronic  (for  the  7773.4  A  pair)  tempera¬ 
tures  appear  to  overlap  within  their  respective  uncer¬ 
tainties.  This  may  indicate  a  region  of  thermal  equilib¬ 
rium  within  the  shock  layer  for  the  low  pressure  condi¬ 
tions,  contrary  to  the  prediction  of  the  computational 
simulation.  The  shapes  of  the  rotational  and  vibra¬ 
tional  temperature  distributions  are  reasonably  similar 
to  the  shapes  of  the  predicted  radial  temperature  dis¬ 
tributions  at  9  mm  that  were  shown  in  Fig.  25a.  (Note 
that  the  9  mm  axial  location  of  the  predictions  was 
closest  to  the  12.  7  mm  axial  position  of  the  measure¬ 
ments.)  The  temperatures  and  the  emission  spectra 
from  these  experiments  are  still  being  analyzed 

4.6  Lessons  Learned 

First,  and  foremost,  the  futility  of  attempting  to  per¬ 
form  detailed  computational  simulations  of  arcjet  flows 
without  adequate  specification  of  the  starting  condi¬ 
tions,  mainly  the  enthalpy,  has  to  be  recognized.  Un- 
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til  this  issue  is  resolved,  the  knowledge  gained  from 
performing  combined  experimental  and  computational 
investigations  will  be  marginal.  The  limitations  of  us¬ 
ing  stagnation  point  heat  flux  and  impact  pressure 
measurements  to  estimate  enthalpy  were  clearly  illus¬ 
trated.  Although  the  unspecified  argon  mass  flow  rate 
did  affect  the  low  pressure  test  simulations,  this  inflow 
parameter  is  a  more  tractable  problem.  Most  large- 
scale  arcjet  facilities  routinely  measure  the  mass  flows 
of  the  test  gases,  and  the  Ames  Research  Center  Arcjet 
Facilities  have  recently  been  equipped  with  improved 
mass  flow  sensors  and  control  capability. 

The  second  important  lesson  to  derive  from  this  ex¬ 
ercise  concerns  the  use  of  diagnostic  techniques  and 
approaches  that  do  not  resolve  spatial  gradients.  At¬ 
tempts  to  compare  simulation  predictions  with  mea¬ 
surements  of  spatially  integrated  quantities  can  lead  to 
misleading  conclusions.  For  the  low  pressure  case,  the 
LOS-averaged  temperature  distributions  suggest  that 
the  flow  is  not  in  thermal  equilibrium,  while  the  radial 
distribution  of  spatially  resolved  temperatures  suggest 
the  opposite.  An  investment  of  additional  effort  into 
acquiring  emission  spectra  in  the  radial  direction  to 
obtain  Abel-inverted  intensities  has  a  far  better  (and 
more  certain)  return  than  deriving  the  comparable  in¬ 
tegrated  flow  properties  from  a  number  of  computa¬ 
tional  simulations.  It  was  fortunate  that  the  com¬ 
parisons  between  the  predicted  and  measured  LOS- 
averaged  temperatures  agreed  so  poorly  for  the  high 
and  low  pressure  cases;  otherwise,  the  temptation  to 
“correct”  the  measurements  using  the  computational 
results  may  have  proven  overwhelming. 

Finally,  the  possibility  that  a  portion  of  the  shock  layer 
is  in  thermal  equilibrium  at  the  low  pressure  test  condi¬ 
tions  contradicts  the  computational  predictions,  which 
showed  extensive  thermal  nonequilibrium  for  all  of  the 
different  low  pressure  simulations.  Further  knowledge 
of  the  chemical  state  of  the  shock  layer,  which  is  cur¬ 
rently  under  investigation,  and  verification  of  equilib¬ 
rium  would  provide  much-needed  insight  into  the  na¬ 
ture  of  the  shock  layer  flow. 

5.  Summary  and  Recommendations 

The  question  of  the  state  of  CFD  simulations  of  arc¬ 
jet  flows  is  still  dominated  by  the  lack  of  knowledge 
about  the  flow  enthalpy.  Any  other  consideration  is 
secondary.  Conventional  methods  for  estimating  the 
flow  enthalpy,  including  energy  balance,  sonic  flow, 
and  stagnation  point  heat  transfer,  all  provide  insuffi¬ 
cient  specification  of  the  flow  enthalpy  for  simulation 
purposes.  If  adequate  resources  and  dedicated  effort 
are  brought  to  bear  on  this  problem,  then  eventually 
it  will  be  resolved  and  arcjet  facility  simulations  will 
become  much  more  meaningful.  New  LIF-based  ap¬ 
proaches  to  enthalpy  measurement  may  improve  this 
situation. 58,59 


Although  this  premise  cannot  be  rigorously  tested  un¬ 
til  enthalpy  can  be  more  accurately  determined,  it 
appears  that  current  nonequilibrium,  hypersonic-flow 
computational  models  are  able  to  provide  reasonable 
simulations  of  arcjet  flows.  This  observation  is  based 
on  a  qualitative  assessment  of  the  comparisons  be¬ 
tween  the  shock  layer  measurements  and  predictions, 
combined  with  the  fact  that  no  obvious  shortcomings 
in  the  flow  models  could  be  identified.  Despite  hav¬ 
ing  to  estimate  the  enthalpy  and  use  two  CFD  models 
and  a  radiative  transport  code  to  predict  intensity,  the 
comparisons  with  measured  values  were  generally  fa¬ 
vorable;  particularly  for  the  high  pressure  case. 

While  the  flow  enthalpy  must  be  accurately  specified  to 
enable  detailed  comparisons  between  simulations  and 
measurements  for  a  single  arcjet  facility  test  condition, 
measurements  and  simulations  of  relative  trends  in  ar¬ 
cjet  characteristics  are  not  similarly  constrained.  Mea¬ 
surements  and  simulations  of  the  response  of  sensitive 
flow  properties  to  changes  in  arcjet  control  parameters 
during  a  single  facility  test  can  add  substantial  infor¬ 
mation  to  the  knowledge  base  at  the  present  time.  The 
approach  to  this  involves  using  diagnostic  instrumen¬ 
tation  to  monitor  stream  parameters,  when  conditions 
have  stabilized,  as  a  single  control  variable,  such  as 
the  arc  current,  is  changed.  (Examples  of  this  type 
of  experiment  will  be  discussed  extensively  in  the  sec¬ 
ond  lecture.)  Making  the  best  possible  estimate  of  the 
total  enthalpy  for  a  single  condition,  a  computational 
simulation  is  essentially  calibrated  at  that  condition. 
Subsequent  conditions  are  then  simulated  using  fur¬ 
ther  estimates  of  the  total  enthalpy,  without  chang¬ 
ing  the  other  parameters  of  the  model.  Comparisons 
are  then  made  between  the  measured  and  predicted 
trends.  This  approach  avoids  the  larger  uncertainties 
that  pertain  to  measurements  of  absolute  quantities. 

Some  of  the  more  obvious  parametric  studies  to  per¬ 
form  include:  1.)  varying  pressure  to  assess  impact  on 
chemistry;  2.)  varying  the  arc  current,  which  varies 
the  initial  ionization  level;  and  3.)  varying  the  test 
gas  composition  to  investigate  relative  third-body  ef¬ 
ficiencies  in  Nj  recombination. 

To  establish  the  validity  of  diagnostic  approaches, 
comparisons  between  measurements  made  using  multi¬ 
ple  independent  instruments  would  be  extremely  use¬ 
ful.  This  observation  is  particularly  relevant  to  de¬ 
veloping  new  approaches  for  determining  the  flow  en¬ 
thalpy,  which  is  the  most  important  parameter  to  mea¬ 
sure  accurately,  and  which  ultimately  determines  how 
useful  and  relevant  arcjet  testing  will  become. 

At  present,  it  is  too  early  to  propose  code  validation 
experiments  for  large-scale  arcjet  facility  flows.  How¬ 
ever,  it  is  appropriate  to  begin  thinking  about  how  to 
develop  diagnostics  and  strategies  that  may  eventually 
enable  code  validation  experiments  in  these  facilities. 
The  most  important  advantage  that  arcjets  have  over 
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impulse  facilities  is  the  test  duration.  Steady  state 
flow  conditions  and  material  response  can  be  achieved 
and  documented.  The  long  test  time  allows  for  mul¬ 
tiple  property  measurements  that  can  be  temporally 
averaged.  Because  there  is  no  diaphragm,  these  mea¬ 
surements  can  be  repeated  in  multiple  runs  to  assess 
facility  repeatability  with  a  rapid  turn-around  time  be¬ 
tween  tests. 

Test  guidelines  for  validation  experiments  have  been 
suggested  by  Mehta  in  his  descriptions  of  methods  for 
producing  credible  computational  simulations.'2  Per¬ 
forming  validation  experiments  in  arcjet  facilities  will 
require  considerable  maturation  of  currently  available 
diagnostic  techniques  to  ensure  adequate  specification 
of  inflow  conditions  for  either  nozzle  or  shock-layer  flow 
simulations.  In  addition  to  improving  the  accuracy  of 
inflow  condition  measurements,  sufficient  spatial  cov¬ 
erage  must  be  attained  to  allow  approximate  integra¬ 
tion  of  the  flow  properties  for  comparison  with  other 
measurements  of  mass  flow,  energy  balance,  etc.  With¬ 
out  this  type  of  internal  accuracy  check  of  the  experi¬ 
mental  results,  confidence  in  the  measurements  would 
not  be  sufficient  to  motivate  extensive  computational 
simulations  or  efforts  to  improve  physical  models. 
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1.  Introduction 

In  the  previous  lecture,  the  issues  related  to  arcjet  flow 
modeling  were  introduced,  and  the  limitations  of  con¬ 
ventional  instrumentation  in  addressing  these  issues 
were  discussed.  The  general  level  of  understanding  of 
the  arcjet  flows  was  seen  to  preclude  the  use  of  arcjets 
as  aerothermodynamic  test  facilities  beyond  the  cur¬ 
rent  role  in  aerothermal  material  testing,  despite  then- 
long  test  duration  capability.  In  this  section,  the  focus 
will  be  on  new  developments  in  spectroscopic  instru¬ 
mentation  and  techniques  that  can  be  brought  to  bear 
on  the  fundamental  problem  of  arcjet  stream  charac¬ 
terization.  Although  a  wide  selection  of  arcjet  facilities 
were  introduced  in  the  previous  section ,  the  discussion 
of  nonintrusive  diagnostic  instrumentation  will  be  re¬ 
stricted  to  the  large-scale,  segmented,  constricted-arc 
heater  facilities  that  are  most  widely  used  in  thermal 
protection  material  testing  for  aerospace  applications. 

After  a  brief  review  of  the  important  features  of  arcjet 
flows,  the  topic  of  nonintrusive,  optical  diagnostics  is 
introduced  with  a  discussion  of  some  of  the  basic  as¬ 
pects  of  radiative  transitions.  The  lecture  is  then  or¬ 
ganized  into  two  sections  covering  emission  measure¬ 
ments  and  laser-induced  fluorescence  measurements. 
Emission  measurements  are  presented  next  for  differ¬ 
ent  regions  of  arcjet  flows,  while  the  fluorescence  mea¬ 
surements  are  presented  for  the  free  stream  region  only. 
Summaries  are  given  for  each  of  the  two  main  sections, 
and  observations  on  arcjet  characterization  by  optical 
diagnostics  in  general  are  given  at  the  end. 

Characterization  of  arcjet  flows  involves  determining 
the  thermodynamic  state  of  the  test  gas.  To  do  this 
in  any  particular  flow  region  requires  an  evaluation  of 
the  distribution  of  energy  among  the  kinetic,  chemical, 
and  thermal  modes  of  the  gas,  which  also  quantifies 
the  degree  of  departure  from  thermochemical  equilib¬ 
rium.  As  opposed  to  other  high  enthalpy  ground-test 
facilities,  the  total  enthalpy  of  an  arcjet  flow  is  not 
always  known,  so  characterization  will  also  involve  de¬ 
termining  the  total  enthalpy.  Although  the  measure¬ 
ment  objectives  can  be  clearly  and  simply  stated,  the 
nonequilibrium  nature  of  typical  arcjet  flows  makes 
arcjet  characterization  difficult  to  accomplish  by  re¬ 
quiring  measurements  of  multiple  species  and  multiple 
temperatures  in  addition  to  the  flow  velocity. 

1.1  Ames  AHF  Arcjet  Facility 

The  Aerodynamic  Heating  Facility  (AHF)  Arcjet  at 
NASA  Ames  Research  Center  is  one  example  of  a 
large-scale,  constricted-arc  heater  test  facility.  It  con¬ 
sists  of  a  segmented,  constricted-arc  heater,  a  conical 
nozzle  section,  and  a  test  cabin.1  The  arrangement  of 
these  components  is  shown  in  Fig.  1.  Facility  opera¬ 
tion  is  initiated  by  evacuating  the  arcjet  facility  and 
then  striking  an  arc  in  a  low-pressure  argon  stream. 


The  test  gas  flow,  which  typically  consists  of  air  or  ni¬ 
trogen,  is  then  added  and  the  arc  current  is  adjusted 
to  achieve  the  desired  test  conditions.  Within  the  arc 
heater,  the  incoming  test  gas  flow  is  heated  by  the  elec¬ 
trical  discharge  to  a  level  that  causes  substantial  dis¬ 
sociation  of  the  molecular  species.  The  argon  stream 
used  to  initiate  the  arc  is  maintained  during  operation 
and  an  additional  argon  stream  is  injected  in  the  down¬ 
stream  electrode  package  to  minimize  erosion.  This 
electrode  package  also  serves  as  a  plenum  that  reduces 
the  gas  velocity  before  it  enters  the  nozzle.  The  flow 
is  then  accelerated  to  high  velocity  through  a  conical, 
converging-diverging  nozzle.  Owing  to  the  decrease  in 
density  during  the  expansion,  the  collision  frequency 
decreases  rapidly  in  the  nozzle  and  the  thermochemi¬ 
cal  state  of  the  flow  departs  from  equilibrium.  At  some 
point  in  the  nozzle,  depending  on  the  test  conditions, 
the  flow  chemistry  becomes  frozen,  and  remains  frozen 
through  the  remainder  of  the  expansion.  Various  noz¬ 
zle  sections  can  be  used  to  provide  expansion  ratios 
ranging  from  64  to  576.  The  flow  exits  the  nozzle  and 
continues  expanding  into  a  cabin  where  material  tests 
are  conducted.  Material  samples  are  typically  inserted 
into  the  stream  f»36  cm  downstream  of  the  nozzle  exit. 


Test  Chamber 


Fig.  1  Schematic  of  the  NASA  Ames  AHF  Arcjet. 

The  constrictor  chamber  pressure  and  arc  current  are 
adjusted  to  achieve  the  desired  operating  condition, 
which  is  usually  defined  by  a  predetermined  surface 
temperature  or  heat  flux  level  impinging  on  the  test 
article.  Test  durations  of  up  to  20  minutes  are  pos¬ 
sible,  depending  on  the  particular  conditions.  Dur¬ 
ing  the  tests,  the  stagnation  pressure,  cabin  pressure, 
and  arc  heater  conditions  are  continuously  monitored. 
Stagnation-point  heating  and  pitot  pressure  measure¬ 
ments  are  typically  performed  during  a  run  to  ver¬ 
ify  test  conditions.  These  measurements  are  also  fre¬ 
quently  used  to  determine  the  stream  enthalpy  based 
on  an  empirical  correlation  for  stagnation  point  heat¬ 
ing.  The  limitations  of  this  approach  for  characteriz¬ 
ing  the  arcjet  stream  were  discussed  in  the  previous 
lecture. 

The  general  state  of  arcjet  stream  characterization  in 
the  early  90 ’s  was  summarized  in  an  excellent  and 
thorough  review  article  by  Scott.2  Both  conventional 
instrumentation  and  nonintrusive,  spectroscopic  tech¬ 
niques  that  were  being  developed  for  arcjet  flow  char¬ 
acterization  were  critically  reviewed  in  the  article. 
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Particular  attention  was  given  to  how  various  diagnos¬ 
tic  techniques  could  be  used  to  characterize  the  most 
important  stream  variables:  enthalpy  and  the  degree 
of  nonequilibrium.  Instead  of  revisiting  all  of  the  in¬ 
strumental  approaches  that  have  been  used  for  making 
measurements  in  arcjet  flows,  this  lecture  will  focus  on 
recent  developments  in  nonintrusive  optical  techniques 
that  have  been  implemented  in  large-scale  arcjet  facil¬ 
ities.  Progress  made  in  arcjet  characterization  using 
these  optical  diagnostics  will  be  discussed  in  detail. 

1.2  Nonintrusive  Diagnostics 


For  absorption  and  emission,  the  photon  energy 
matches  the  difference  between  the  two  internal 
(atomic  or  molecular)  states  connected  by  the  radia¬ 
tive  transition, 

hu  —  Eu  -  Ei  ,  (1) 

where  h  is  the  Planck  constant  and  u  is  the  transi¬ 
tion  frequency.  For  atomic  species,  the  energies  corre¬ 
spond  to  electronic  levels  directly,  while  for  molecules 
the  upper  and  lower  state  energies  are  comprised  of 
electronic,  vibrational,  and  rotational  terms, 


Stated  in  the  most  general  terms,  optically  based,  non¬ 
intrusive  diagnostic  strategies  attempt  to  determine 
flow  or  thermodynamic  properties  from  an  analysis  of 
light  that  is  emitted  from  either  a  thermally-induced 
or  laser-induced  process.  Optical  techniques  have  been 
used  for  many  years  in  spectroscopic  investigations  and 
aerospace  diagnostic  applications.  Most  of  the  earlier 
applications  involved  radiative  emission  and  absorp¬ 
tion  in  addition  to  interferometric  and  shadowgraph 
instrumentation.  In  fact,  early  in  the  development 
stage  of  large-scale  arcjet  facilities,  emission  spec¬ 
troscopy  was  investigated  as  a  means  for  characteriz¬ 
ing  a  nitrogen  shock-layer  flow.3  Newer  spectroscopic 
diagnostic  techniques  that  take  advantage  of  recent 
advances  in  laser  instrumentation  are  gaining  wider 
acceptance  in  the  aerospace  ground-test  community.4 
Much  of  the  development  of  these  instruments,  par¬ 
ticularly  those  based  on  laser  spectroscopy,  has  been 
driven  by  research  into  combustion  processes.0 

Although  all  of  the  nonintrusive  diagnostic  techniques 
that  will  be  discussed  in  this  paper  are  derived  from 
the  same  physical  principles,  each  technique  will  be 
examined  separately.  In  addition,  mathematical  de¬ 
scriptions  will  be  given  to  illustrate  the  relation  be¬ 
tween  the  measured  quantity  and  the  flow  variables. 
To  do  this  adequately  requires  a  brief  examination  of 
background  material  that  will  be  common  to  all  of  the 
techniques.  More  information  on  basic  principles  and 
on  specific  diagnostic  techniques  can  be  found  in  books 
by  Eckbreth5  and  Demtroder6. 

Background  Physics  -  Atoms  and  molecules  have 
discrete,  quantized  energy  levels.  For  atoms,  these  en¬ 
ergy  levels  are  only  electronic,  while  molecules  have 
rotational  and  vibrational  energy  levels  in  addition  to 
the  electronic  energy  levels.  If  certain  selection  crite¬ 
ria,  which  are  established  from  quantum  mechanical 
considerations,7  are  met,  then  atoms  and  molecules 
can  undergo  radiative  transitions  between  these  levels. 
These  transitions  can  involve  the.  scattering,  absorp¬ 
tion,  or  emission  of  a  photon.  Because  applications  of 
optical  diagnostics  to  arcjet  stream  characterization  is 
a  major  focus  of  this  paper,  only  processes  involving 
photon  emission  and  absorption  will  be  considered  fur¬ 
ther. 


E  =  Te  +  G{v)  +  F(  J)  ,  (2) 


where  v  and  J  are  the  vibrational  and  rotational  quan¬ 
tum  numbers,  respectively.  For  diatomic  molecules 
that  are  modeled  simply  as  vibrating  rotators  the  vi¬ 
brational  and  rotational  term  energies  are  represented 
by  polynomial  expansions'  that  take  into  account  in¬ 
teractions  between  these  energy  modes, 

G(v)  =  ljJe{v  +  7:)  “  UeXe(l>  +  -)2 

2  J  2  (3) 

+  Ueye{v  +  -)3  +  ... 


F(J)  =  [Be-ae(v+h]J(J+  I) 

1  ,  (4) 
-[De  +  pe{v  +  -)J*(J  +  tf  +  - 

For  most  species  of  interest  related  to  arc-heated  or 
shock-heated  air,  the  vibrational  and  rotational  con¬ 
stants  (aje,Be,De,ae,/3e)  in  the  above  expressions, 
and  in  higher  order  terms,  are  accurately  known.  Rec¬ 
ommended  constants  for  many  diatomic  species  are 
given  in  Huber  and  Herzberg8 ,  while  Laux9  has  a  com¬ 
pilation  of  more  recently  reported  constants  for  high 
temperature  air. 

The  amount  of  light  absorbed  or  emitted  by  atoms  or 
molecules  in  a  particular  energy  level  depends  on  the 
population  in  that  particular  level.  If  the  system  is 
in  thermal  equilibrium,  then  the  populations  of  atoms 
or  molecules  in  the  energy  levels  follow  a  Boltzmann 
distribution,10 


Ni  =  N 


gie 


(-Ei/kT) 


Ei9i^E’/kT) 


(5) 


where  gi  is  the  level  degeneracy.  The  summation  in 
the  denominator  is  over  all  energy  levels,  and  it  is 
called  the  partition  function,  Q  =  J2i  gie^~E,^kT'> • 
For  molecules,  the  total  partition  function  can  be  ex¬ 
pressed  as  the  product  of  the  partition  functions  for 
the  individual  internal  energy  modes, 


Q  =  Qr  Qv  Qe 


(6) 
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All  approximate  closed  form  expression  for  the  vibra¬ 
tional  partition  function  is 

Qv  =  (  l-e-'"'7')-1  ,  (7) 

where  9V  —  hcue/k  is  the  characteristic  vibrational 
temperature10  of  the  particular  molecule  under  consid¬ 
eration,  c  is  the  speed  of  light,  and  k  is  the  Boltzmann 
constant.  For  room  temperature  and  higher,  an  ap¬ 
proximate  closed  form  expression  can  also  be  derived 
for  the  rotational  partition  function, 

Qr  =  Wr  >  w 

where  9r  =  hcB/k  is  the  characteristic  rotational  tem¬ 
perature  of  the  molecule,  and  c  =  1  or  2  depending 
on  whether  the  diatomic  molecule  is  heteronuclear  or 
homonuclear. 

With  the  aid  of  these  expressions  for  partition  func¬ 
tions,  analytic  expressions  for  the  fractional  popula¬ 
tions  in  particular  rotational  ( J )  and  vibrational  (v) 
levels  can  be  written  as 

Nj_  <t(2,J  +  1  )t)r 

TV  T  ’ 

if  nuclear  spin  degeneracy  is  ignored,  and 

jZ-  =  e-'>9"/T(  l-e-^/T)  .  (10) 

It  should  be  noted  that  Eqs.  (5),  (9),  and  (10)  govern 
the  population  distributions  of  atoms  and  molecules 
under  thermal  equilibrium  conditions.  By  inspection 
of  the  exponential  terms,  it  is  apparent  that  the  higher 
energy  levels  become  substantially  populated  only  at 
very  high  temperatures. 

Uncertainty  in  Measured  Quantities  -  Both  ap¬ 
proximate  and  exact  analytical  expressions  are  devel¬ 
oped  in  subsequent  sections  to  relate  particular  flow 
properties  to  either  emission  or  LIF  signals.  In  addi¬ 
tion  to  illustrating  how  a  particular  flow  property  is 
measured,  these  expressions  provide  a  means  for  es¬ 
timating  the  sensitivity  of  the  optical  signal  to  that 
flow  property,  which  is  then  used  to  determine  the  un¬ 
certainty.  All  flow  properties  determined  from  optical 
measurements  in  this  paper  include  estimates  of  the 
experimental  uncertainty.  These  estimates  are  derived 
from  the  combined  effect  of  multiple,  statistically  in¬ 
dependent  contributions,  which  is  expressed  as 

[7dM  ~  ~dM  “ 

+^dW2ffWa)  +""  ’  (U) 

where  M  —  f(Wi ,  W2, ...)  and  a  represents  the  un¬ 
certainty  in  a  particular  parameter.  Sensitivity  of 


the  measured  parameter  to  a  particular  variable  is  re¬ 
flected  in  the  value  of  the  partial  derivative  taken  with 
respect  to  that  variable  in  the  above  expression. 

Some  contributions,  such  as  uncertainties  in  spec¬ 
troscopic  constants,  are  evaluated  analytically,  while 
others,  such  as  unresolved  background  signal  contri¬ 
butions,  are  evaluated  numerically  using  a  spectral 
model.  Detailed  discussions  of  the  uncertainty  esti¬ 
mates  are  given  in  each  of  the  referenced  publications 
that  describe  a  particular  experiment.  The  impor¬ 
tance  of  estimating  uncertainties  for  the  measured  val¬ 
ues  cannot  be  understated,  since  knowledge  of  the  un¬ 
certainty  values  guides  the  use  of  the  measurements 
and  informs  improvements  in  instrumentation  and  di¬ 
agnostic  approach. 

2.  Emission  Measurements  in  Large-Scale  Arc- 
jet  Facilities 

Emission  measurements  are  the  simplest  optically 
based,  nonintrusive  diagnostics  that  can  be  used  in  ar- 
cjet  test  facilities.  These  measurements  are  truly  non¬ 
intrusive,  since  only  light  is  taken  from  the  flowfield. 
No  external  mechanism  is  invoked  to  populate  excited 
atomic  or  molecular  states  that  would  lead  to  observ¬ 
able  radiative  transitions.  Rather,  thermal  excitation 
within  the  flow  region  continuously  replenishes  popu¬ 
lations  in  radiating  electronic  levels  for  the  constituent 
atoms  and  molecules.  This  excitation  mechanism  nec¬ 
essarily  constrains  measurable  populations  to  regions 
having  sufficient  thermal  excitation,  such  as  shock  lay¬ 
ers  over  test  articles  placed  in  the  stream  and  regions 
within  and  adjacent  to  the  arc  heater. 

2.1  Emission  Spectroscopic  Measurements 

When  the  spontaneous  emission  rate  for  a  particular 
radiative  transition,  Aui,  is  known,  then  the  radiant 
power  density  emitted  by  a  unit  volume  of  gas  can  be 
expressed  as 

E  —  nuAuihi/ui  /  An  ,  (12) 

where  nu  is  the  number  density  of  the  emitting  level. 
The  spectral  power  density  of  spontaneous  emission 
can  be  obtained  by  multiplying  the  above  expression 
by  a  line-shape  function,  0(A), 

E\  =  nuAuihvui4>{  A)/4tt  ,  (13) 

where  0(A)  is  defined  such  that 

/-f  OO 

0(A)dA  =  1. 

■  CO 

An  optically  thin  gas,  which  has  negligible  self¬ 
absorption,  is  essentially  emission  dominated.  For  this 
special  case,  stimulated  emission  is  also  negligible  and 
the  specific  intensity  (also  called  spectral  radiance)  is 
given  by  the  integral  of  the  spectral  power  density  over 
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an  optical  path,  which  might  be  defined  by  a  line-of- 
sight,  as 

I\=  I  E\dx  . 

Jo 

This  latter  quantity,  the  specific  intensity,  is  the  quan¬ 
tity  actually  measured  by  a  radiometric  sensor  (after 
applying  a  slit  or  filter  function).  Note  that  the  expres¬ 
sions  above  apply  only  to  atomic  and  bound-bound 
molecular  radiative  transitions.  If  significant  absorp¬ 
tion  is  occurs  within  the  observation  volume,  then  the 
combined  effects  of  stimulated  absorption  and  emis¬ 
sion  must  be  taken  into  account,  and  the  radiative 
transport  equation  takes  on  a  more  complex  form,11 

h—  I  ax{h  ~  B\)dx  , 

Jo 


evidenced  by  the  band  structure  at  the  shorter  wave¬ 
lengths,  and  from  atoms,  which  appear  as  isolated  lines 
with  increasing  intensity  at  longer  wavelengths.  There 
is  also  an  underlying  background  emission  that  is  at 
least  partly  due  to  bound-free  continuum  emission, 
and  there  may  possibly  be  some  black-body  emission 
collected  from  reflections  of  the  arc  in  the  constrictor 
region.  It  will  be  useful  to  refer  to  this  spectrum  as  the 
relationships  between  atomic  and  molecular  emission 
and  thermodynamic  properties  are  developed  below. 


Wavelength  (Angstroms) 


where  a\  is  the  effective  volumetric  absorption  coeffi¬ 
cient  that  includes  stimulated  emission  and  absorption 
and  B\  is  the  Planck  function. 

For  either  case,  quantitative  emission  measurements 
require  that  the  detection  system  be  calibrated  with 
standard  spectral  lamps.  Also,  for  both  cases  the  in¬ 
tensity  measured  by  the  detector  is  integrated  along 
the  optical  path  and  spatial  resolution  in  the  line-of- 
sight  direction  is  therefore  lost. 

An  emission  dominated,  optically  thin  gas  and  an 
isotropic  emitting  volume  with  constant  properties 
represents  an  optimal  diagnostic  situation  for  emission 
measurements,  since  the  light  levels  can  be  interpreted 
directly  in  terms  of  the  local  thermodynamic  proper¬ 
ties  of  the  emitting  volume.  Generally,  this  is  not  the 
case  even  when  the  gas  is  optically  thin;  usually  there 
are  spatial  property  gradients  along  the  viewing  direc¬ 
tion  and  the  recorded  emission  signal  represents  the 
intensity- weighted  integral  sum  of  the  emitted  light.12 
For  the  worst  case,  which  is  also  quite  common,  gradi¬ 
ents  along  the  line  of  sight  and  self- absorption  in  the 
optically  thick  gas  require  a  solution  of  the  radiative 
transport  equation  with  a  numerical  model,  such  as 
NEQAIR.13 

For  applications  of  emission  spectroscopy  to  arcjet  flow 
property  measurements  in  large-scale  facilities,  the  test 
gas  is  usually  a  mixture  of  air  and  argon  (or  N2/argon) 
and  the  wavelength  range  of  interest  typically  covers 
the  region  between  2000  and  9000  A.  An  example  of 
a  measured  emission  spectrum  for  this  range  is  shown 
in  Fig.  2a-d.  The  temperature  of  the  gas  was  between 
7000  and  8000  K,  based  on  an  analysis  of  the  spec¬ 
trally  resolved  emission.  The  thermochemical  state 
of  the  flow  was  not  specified,  although  it  should  be 
close  to  equilibrium,  because  the  spectrum  was  ac¬ 
quired  in  the  high  pressure  region  of  the  arcjet  within 
the  downstream  electrode  package.  The  emission  is  a 
mix  of  bound  electronic  transitions  from  molecules,  as 


Wavelength  (Angstroms) 

Fig.  2a-d.  Spectrally  resolved  emission  from  a  high 
temperature  mixture  of  air  and  argon. 

Temperature  Measurement  -  In  Eq.  (13),  the 
thermodynamic  dependence  of  the  emission  is  due  to 
the  upper  state  population,  nu,  which  is  a  function 
of  species  density  and  temperature.  Under  conditions 
of  thermal  equilibrium,  the  temperature  dependence 
is  given  by  the  Boltzmann  fraction  expression  and  the 
specific  intensity  for  emission  dominated  radiation  in¬ 
tegrated  along  the  line-of-sight  is 

Ix  =  nA^±t(\)9-Ee-E“/kTL  .  (14) 

At  modest  temperatures,  where  Eu/kT  >  1,  emission 
is  more  sensitive  to  temperature  than  to  density.  The 
degree  of  temperature  sensitivity  is  determined  by  the 
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energy  of  the  radiating  level.  If  the  system  is  in  ther¬ 
mal  equilibrium,  then  in  principle,  the  measurement 
of  two  spectral  features  with  different  upper  state  en¬ 
ergies  is  sufficient  to  determine  temperature. 

Electronic  Temperature  -  For  example,  the  elec¬ 
tronic  temperature  can  be  determined  from  the  ratio 
of  the  spectrally  integrated  intensities  emanating  from 
two  different  thermally  populated  electronic  levels  of 
an  atomic  species.  By  taking  the  natural  log  of  the 
intensity  ratio  and  rearranging  the  terms,  an  analytic 
expression  for  electronic  temperature  is  obtained, 


Te  = 


(Ei  ~  E2)/k 

In  (  £4^0 
\/i  A292^2  J 


(15) 


where  /i,  I->  are  the  spectrally  integrated  intensities, 


/>A2 

1=  /  Ixd\  . 

v  Xl 

Note  that  the  number  densities  and  partition  functions 
cancel  in  the  ratio,  since  both  spectral  features  are 
emitted  by  the  same  species. 

The  sensitivity  of  the  ratio  of  intensities  to  tempera¬ 
ture  is  found  by  taking  the  derivative  of  the  intensity 
ratio  with  respect  to  temperature,  and  rearranging  the 
expression  to  give, 


AR  _E1-  E 2  A Te 
R  k  Te  Te  ’  U  J 

where  R  =  I2/I1  For  the  two  most  commonly  observed 
transitions  of  atomic  oxygen  at  7773  and  8446  A,  the 
sensitivity  term  A E/kTe  —  2880 /Te.  At  temperatures 
above  6000  K,  this  ratio  will  be  less  than  .5  and  large 
changes  in  Te  will  produce  only  small  changes  in  the 
measured  ratio.  Greater  sensitivity  to  temperature  oc¬ 
curs  with  larger  energy  differences  between  emitting 
levels.  Often,  a  compromise  must  be  reached  between 
the  enhanced  temperature  sensitivity  of  higher  energy 
levels  and  signal-to-noise  ratio.  In  this  regard,  spectro¬ 
scopic  diagnostics  are  no  different  from  ordinary  labo¬ 
ratory  instrumentation. 

To  overcome  the  low  temperature  sensitivity  that 
arises  from  small  energy  differences  between  emit¬ 
ting  levels,  spectrally  integrated  signals  from  multi¬ 
ple  transitions  are  used  to  develop  a  Boltzmann  plot 
for  a  particular  species.  By  taking  the  natural  log  of 
Eq.  (14),  an  expression  that  represents  the  Boltzmann 
plot  mathematically  is  obtained, 


In 


Auiguhvui 


—  j^jr(Eu)i  +  C 


(17) 


where  C  contains  the  terms  that  are  common  to  all  the 
transitions.  .Temperature  is  then  obtained  from  a  least 


squares  linear  fit  to  the  data  and  the  precision  of  the 
measurement  improves  with  the  number  of  transitions 
used,  provided  that  the  energy  levels  and  spontaneous 
emission  rates,  Aui,  are  known  accurately. 

Molecular  Spectra  -  Emission  from  molecular 
species  is  typically  comprised  of  overlapping  spectral 
features  from  multiple  energy  levels  that  are  less  com¬ 
pletely  resolved,  as  seen  in  the  band  structure  at 
shorter  wavelengths  in  Fig.  2.  Despite  the  spectral 
overlap,  similar  analytical  approaches  can  be  used  to 
determine  temperature  values.  These  approaches  also 
involve  taking  ratios  of  spectral  features  that  are  rea¬ 
sonably  well  defined.  Specific  approaches  for  deter¬ 
mining  vibrational  and  rotational  temperatures  from 
molecular  spectra  have  been  developed  by  Laux9  and 
Park  et  al14.  The  methods  of  Park  are  shown  graph¬ 
ically  in  Figs.  3  and  4.  The  figures  show  emission 
spectra  from  vibrational  bands  of  the  N+  (1-)  system 
and  the  shaded  regions  indicate  the  spectrally  inte¬ 
grated  areas  used  to  determine  temperatures.  Ap¬ 
proximate  analytical  expressions  for  vibrational  and 
rotational  temperatures  as  functions  of  these  intensity 
ratios  are  derived  below.  For  the  derivations,  it  is  as¬ 
sumed  that:  vibrational  and  rotational  modes  are  in 
thermal  equilibrium  (but  Tv  zfz  Tr  is  allowed);  the  ra¬ 
diation  field  is  emission  dominated;  effects  of  nuclear 
spin  on  degeneracy  are  ignorable;  and  the  individual 
ro- vibrational  transitions  are  fairly  isolated  spectrally 
(in  reality,  the  spectral  resolution  of  the  detecting  in¬ 
strument  convolves  contributions  from  multiple  transi¬ 
tions,  as  discussed  below).  Also,  each  derivation  makes 
use  of  the  Born-Oppenheimer  approximation  to  sepa¬ 
rate  the  electronic,  vibrational,  and  rotational  contri¬ 
butions  to  the  spontaneous  emission  rate,  which  can 
then  be  written  as15 


Aui 


c^3Rlqvuv, 


Sju  j, 

(2  Ju  +  1) 


(18) 


where  c  represents  the  group  of  constants,  Re  is  the 
electronic  transition  moment,  qVuVl  is  the  Franck- 
Condon  factor,  which  represents  the  vibrational  band 
strength,  and  Sjuj,  is  the  Honl- London  factor,  or  ro¬ 
tational  line  strength. 

Vibrational  Temperature  -  For  vibrational  tem¬ 
perature,  spectrally  integrated  intensities  near  two 
band  heads,  (1,2)  and  (0,1)  are  ratioed.  The  two  spec¬ 
tral  regions  are  shown  on  Fig.  3,  and  the  difference  in 
upper  state  vibrational  quantum  number  gives  a  dif¬ 
ference  in  energy  level  analogous  to  the  explicit  A E 
for  the  two-line  electronic  temperature  measurement 
that  was  discussed  above.  Emission  at  the  vibrational 
band  head  is  comprised  of  contributions  from  a  number 
of  rotational  transitions,  and  the  spectrally  integrated 
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intensity  for  each  band  head  is 


cnhv4  n 2  .  fnvi  \  (. Sjuj,)i  nji 

=  -r, 

(19) 

where  i  =  1,2.  The  ratio  of  the  two  intensities  ob¬ 
tained  from  the  spectral  integration  of  the  emission  at 
the  two  bandheads  is  then 

h  ~  (qVuv,v4h  e-*MT-'Ej1(SjljlheM+Wr/Tr  ’ 

(2°) 

where  the  Boltzmann  expressions  for  vibrational  and 
rotational  distributions  have  been  used  and  the  vibra¬ 
tional  and  rotational  temperatures  are  explicitly  iden¬ 
tified.  Ideally,  if  the  rotational  transitions  compris¬ 
ing  the  sum  for  each  band  head  had  the  same  range 
of  J  values,  then  the  intensity  ratio  would  be  insen¬ 
sitive  to  rotational  temperature.  In  practice,  this  is 
not  achieved,  and  although  the  rotational  temperature 
sensitivity  can  be  minimized,  an  iterative  solution  is 
required  that  includes  a  concurrent,  but  separate,  de¬ 
termination  of  rotational  temperature. 


Fig.  3.  Spectral  integrals  used  to  determine  Tv. 

The  above  intensity  ratio  can  be  rearranged  and  solved 
for  vibrational  temperature, 


rp  _  («1  ~v2)dv  / 211 

Ju_ln  [(hqivtWiwtf(Tr))] 

The  sums  of  rotational  terms,  which  do  not  cancel  in 
the  ratio,  are  now  represented  by  f(Tr).  As  with  the 
electronic  temperature,  the  greater  the  difference  in 
vibrational  energies  of  the  two  levels,  the  greater  the 
sensitivity  to  temperature. 

Rotational  Temperature  -  By  taking  the  ratio  of 
two  spectrally  integrated  intensities  that  contain  dif¬ 
ferent  rotational  transitions,  but  arise  from  a  single 
vibrational  band,  the  rotational  temperature  can  be 


determined.  One  approach  is  shown  schematically  in 
Fig.  4,  where  the  ratio  of  the  two  spectrally  integrated 
regions  gives 

h  _  ZjASj,jyhe-J^+^Tr 

h  YIjSSj^v4)  ie-Jl(Jl+1)#-/T-  ’ 

and  all  common  terms  have  been  canceled.  Note  that 
this  is  again  an  idealized  case,  since  in  practice  the  in¬ 
tegrated  intensities  include  signal  contributions  from 
adjacent  vibrational  band  transitions  and  from  other 
species.  In  Fig.  4,  the  merging  of  spectral  features 
caused  by  finite  slit  resolution  is  evident,  and  contri¬ 
butions  from  other  radiative  transitions  are  evident  in 
the  nonzero  baseline  level  at  the  edge  of  the  band  head 
near  3917  A. 


3890  3900  3910  3920 


Wavelength,  A 

Fig.  4.  Spectrally  integrated  regions  used  to  determine 

Tr- 

To  illustrate  the  temperature  sensitivity  of  the  above 
relation,  average  values,  Sjj  and  J,can  be  defined  such 
that 


Jb  _ _ 

£  WJ(J+1)#r/Tr  =  (AJab  +  l)Sj]e-J(J^Tr  . 


j—ja 

(23) 

With  the  average  rotational  strength  and  quantum 
numbers,  the  expression  for  rotational  temperature  be¬ 
comes 


In  [{hSjjiV4)/{hSjj2V2)] 


This  result  is  analogous  to  the  two  previous  derivations 
for  determining  vibrational  and  electronic  tempera¬ 
tures  from  the  ratio  of  spectrally  integrated  intensities. 
Here  however,  it  is  the  difference  in  rotational  energies 
that  determines  the  rotational  temperature  sensitivity 
of  the  intensity  ratio.  As  before,  greater  sensitivity 
to  temperature  is  found  for  larger  differences  in  rota¬ 
tional  quantum  numbers  and  the  same  considerations 
apply  regarding  a  trade  between  sensitivity  and  signal 
level. 
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For  all  of  the  temperature  determinations  above,  it  is 
assumed  that  the  gas  is  optically  thin.  If  this  is  not  the 
case,  then  self-absorption,  or  radiative  trapping,  must 
be  considered.  To  interpret  emission  spectra  emanat¬ 
ing  from  an  optically  thick  gas,  a  radiative  transport 
model,  such  as  NEQAIR,  is  required.  An  iterative 
procedure  must  be  used  to  interpret  and  correct  the 
spectra  for  self-absorption,  since  the  absorbing  popu¬ 
lations  depend  on  density  and  temperature  in  the  same 
manner  as  the  emitting  populations  (see  Eqs.  (9)  and 
(10)).  Some  modeling  must  also  be  done  to  properly 
account  for  the  coupling  between  rotational  and  vi¬ 
brational  temperatures  for  molecular  spectra  and  for 
finite  instrument  resolution. 

Species  Densities  -  Species  concentrations  that  are 
integrated  along  the  line-of-sight  can  be  estimated  if 
the  electronic  temperature  is  known  from  one  of  the 
•methods  outlined  above.  This  implies  that  the  popu¬ 
lation  of  the  excited  electronic  state  is  in  Boltzmann 
equilibrium  with  the  ground  state.  By  rearranging  the 
spectrally  integrated  form  of  Eq.  (13),  the  line-of-sight 
integrated  concentration  of  an  atomic  species  in  an 
emission  dominated  radiation  field  can  be  expressed 
as 

nL=  ^  eE ^  .  (25) 

9uAui  aiSui 

Owing  to  the  exponential  dependence  of  density  on 
electronic  temperature,  small  uncertainties  in  elec¬ 
tronic  temperature  cause  large  uncertainties  in  the  nL 
product.  The  temperature  uncertainty  contribution  to 
the  nL  uncertainty  is  amplified  by  the  factor  Eu/kTe, 
where  Eu  is  the  energy  of  the  emitting  level.  To  illus¬ 
trate  this  aspect,  consider  an  electronic  temperature 
of  10000  K  and  the  7773  A  transition  of  O,  which  has 
an  average  upper  state  energy  of  86630  cm-1  (from 
Wiese  et  al16).  In  this  case  Eu/kTe  =  12.5.  Thus, 
integrated  species  density  values  will  be  considerably 
more  uncertain  than  temperatures. 

Abel  Inversion  The  path-integrated  nature  of  emis¬ 
sion  measurements  limits  the  amount  of  information 
that  can  be  obtained  from  the  flow.  This  is  a  se¬ 
rious  drawback  to  emission-based  property  measure¬ 
ment  since  typical  flow  situations  involve  spatial  gradi¬ 
ents;  they  are  not  simply  one-dimensional.  However,  if 
the  flow  gradients  are  axisymmetric  and  emission  spec¬ 
tra  are  recorded  from  multiple  spatial  locations,  then 
an  Abel  inversion  of  the  recorded  signals  can  yield  lo¬ 
calized  emission  intensities. 

In  an  optically  thin  gas,  the  radiation  intensity  mea¬ 
sured  by  an  observer  is  an  integrated  sum  of  volumet¬ 
ric  emission  that  varies  with  lateral  displacement,  x, 
of  the  viewing  line.  In  Fig.  5,  a  cross  section  of  the 
axisymmetric  flow  under  consideration  is  shown.  The 
measured  integrated  intensity  I(x)  is  an  Abel  trans¬ 
formation  of  a  radial  distribution  of  emissive  intensity 


E(r) 
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*>=2/ 
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(26) 


The  reverse  of  this  transformation,  i.e. ,  the  Abel  in¬ 
version,  relates  E{r)  to  the  measured  intensity  I(x ): 


£(r)  =  -I 

7T 


/ 


r 


( dl/dx)dx 
\Jx2  —  r 2 


(27) 


If  the  radiating  flow  region  is  axially  symmetric,  then 
even-power  polynomials  can  be  used  to  represent  E(r) 
and  I(x),  thereby  simplifying  the  analysis.  Further  in¬ 
formation  on  the  Abel  inversion  can  be  found  in  Refs.  9 
and  17. 


Fig.  5.  Cross  section  of  axially  symmetric  ,  optically 
thin  radiation  source. 

Flow  properties  derived  from  emission  spectroscopic 
measurements  in  large-scale  arcjet  facilities  are  dis¬ 
cussed  below.  The  discussion  is  organized  by  arcjet 
flow  region,  beginning  with  the  arc  column  and  end¬ 
ing  with  the  shock  layer  over  a  blunt-body  test  arti¬ 
cle.  Specific  measurement  examples,  including  experi¬ 
mental  configuration  and  analysis  details,  are  given  for 
each  flow  region. 

2.2  Arc  Column  &  Electrode  Package 

Although  optical  access  is  limited,  acquisition  of  emis¬ 
sion  spectra  from  the  arc  heater  and  electrode  region 
can  give  a  direct  indication  of  the  total  flow  conditions. 
Pressures  are  relatively  high  in  this  region,  typically 
greater  than  atmospheric,  and  despite  the  high  tem¬ 
perature,  the  collision  frequency  should  be  sufficient 
to  ensure  that  the  flow  is  in  thermochemical  equilib¬ 
rium.  If  this  is  the  case,  then  an  optical  measurement 
of  temperature  along  with  a  concurrent  pressure  mea¬ 
surement  would  uniquely  determine  the  total  flow  en¬ 
thalpy.  Numerical  simulations  of  arcjet  facilities  often 
start  with  assumed  equilibrium  conditions  in  the  elec¬ 
trode  package  region  and  then  model  the  nozzle  flow 
to  calculate  test  conditions  in  the  free  stream.  Knowl¬ 
edge  of  the  flow  properties  in  this  region  could  specify 
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the  input  parameters  and  thereby  enable  a  better  eval¬ 
uation  of  nonequilibrium,  expanding  flow  simulations. 
This  reasoning  has  motivated  several  investigations  of 
arc-column  and  electrode  package  emission. 


Test  Chamber 


Fig.  6.  Experimental  setup  for  arc  column  emission 
measurements. 

One  of  the  earlier  investigations  involved  the  instal¬ 
lation  of  a  window  on  different  segments  of  an  arc 
column  at  AEDC.18  The  visual  characteristics  of  the 
discharge  were  studied  over  a  range  of  facility  operat¬ 
ing  conditions  for  several  locations  along  the  column. 
Later,  a  heater  segment  disk  with  fiber-optic  access 
was  developed  at  Ames  Research  Center  for  installa¬ 
tion  in  an  arc  column.19  Using  a  fiber-based  light  col¬ 
lection  system  similar  to  the  one  that  will  be  discussed 
in  more  detail  below,  Terrazas-Salinas  et  al20  acquired 
emission  spectra  from  the  disk  when  it  was  installed 
in  a  20  MW  constricted-arc  heater  at  two  locations  on 
the  column,  as  shown  in  Fig.  6. 


Wavelength,  nm 

Fig.  7.  Typical  emission  spectrum  from  cathode  end 
of  arc  column. 

A  typical  emission  spectrum  from  the  arc  column  is 
shown  in  Fig.  7.  The  spectrum  is  dominated  by  atomic 
lines  with  some  Nt  ion  emission  seen  at  the  shorter 
wavelength  region  where  fiber  attenuation  begins  to 
limit  signal  collection.  Treating  the  gas  as  optically 
thin,  Boltzmann  plots  of  the  atomic  transition  intensi¬ 
ties  were  used  to  estimate  electronic  temperatures  for 
0  and  N  and  these  were  compared  with  predictions 


from  a  numerical  model  of  the  flow  in  the  constrictor 
section21  and  NEQAIR. 

More  recently,  a  series  of  investigations  into  emission 
from  the  downstream  electrode  region  of  a  constricted 
arc  heater  were  conducted  at  Johnson  Space  Center  in 
their  10  MW  arc  heater.22  Again,  a  fiberoptic  collec¬ 
tion  system  was  used  to  bring  the  light  to  a  spectro¬ 
graph  and  the  emission  spectra  were  analyzed  to  in¬ 
fer  electronic  temperatures  assuming  that  the  gas  was 
optically  thin.  A  wide  disparity  between  electronic 
temperatures  derived  from  0  and  N  transition  intensi¬ 
ties  was  noted  for  these  measurements.  Although  the 
authors  attributed  the  disagreement  between  the  two 
temperatures  to  uncertainties  in  transition  probabil¬ 
ities  for  N,23  it  is  also  possible  that  the  assumption 
of  an  optically  thin  gas  is  inappropriate,  since  there 
will  be  some  population  in  absorbing  electronic  states 
if  the  plenum  region  is  filled  with  hot  gas.  It  is  also 
possible  that  nitrogen  and  oxygen  are  not  completely 
mixed  since  they  are  injected  separately  in  the  Johnson 
arcjet.  More  recently,  this  group  has  acquired  plenum 
region  spectra  along  multiple  lines-of-sight  in  an  at¬ 
tempt  to  resolve  the  radial  intensity  gradients  that  are 
most  likely  present.24 

Each  of  these  investigations  invoked  the  assumption 
that  the  gas  was  optically  thin  in  the  interpretation 
of  the  spectra.  While  this  may  be  reasonable  in  the 
arc  column,  it  may  not  be  appropriate  in  the  elec¬ 
trode  package,  or  plenum,  region.  This  question  of 
self- absorption  was  explicitly  considered  in  a  recent  in¬ 
vestigation  of  electrode  package  emission  in  a  20  MW 
arcjet  facility  at  Ames  Research  Center.25  Findings 
from  a  preliminary  analysis  of  the  data  are  discussed 
below. 

2.2.1.  Experimental  Configuration  for  Elec¬ 
trode  Package  Measurements 

The  current  investigation  of  plenum  radiation  involves 
the  use  of  a  spacer  disk  in  the  electrode  package  to 
provide  optical  access  to  the  flow.  Based  on  the  de¬ 
sign  of  similar  disks  for  the  constrictor  section,19  this 
particular  disk  was  sized  to  fit  within  the  downstream 
electrode  package  and  to  accommodate  a  pressure  tap 
and  a  heat  transfer  gauge  in  addition  to  the  optical 
fiber.  Figure  8  shows  the  location  of  the  fiber  view 
port  in  the  downstream  electrode  package  along  with 
the  optical  layout  for  the  experiments.  The  tests  that 
are  discussed  below  were  conducted  in  the  Ames  20 
MW  AHF  Arcjet  Facility  that  was  described  in  the 
introductory  section. 

Hot  gas  emission  from  the  plenum  was  collected 
through  a  sapphire  window  in  the  optical  disk  and 
imaged  onto  a  0.94  mm  diameter,  30  m  long,  fiberop¬ 
tic  cable.  The  fiber,  which  delivered  the  light  to  a 
monochromator  in  a  remote  laboratory,  was  recessed 
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from  the  inside  surface  of  the  disk  and  viewed  the  emit¬ 
ting  gas  through  a  2  mm  aperture.  A  fused  silica  lens 
assembly  was  used  to  couple  the  fiber  output  with 
f-number  matching  to  a  0.32  m  scanning  monochro¬ 
mator  with  a  PMT  mounted  at  the  exit  slit.  The 
monochromator  was  equipped  with  a  1200  line/mm 
holographic  grating  blazed  at  250  nm  and  the  entrance 
and  exit  slits  where  both  set  at  50  /mi.  To  cover  the 
2000  to  9000  A  spectral  range  during  a  single  facility 
run,  the  monochromator  was  scanned  at  1800  A/min. 
Measured  signals  were  converted  to  absolute  intensities 
by  determining  the  spectral  response  of  the  light  col¬ 
lection  system  using  standard  tungsten  and  deuterium 
lamps.  Further  details  about  the  optical  instrumenta¬ 
tion  can  be  found  in  Ref.  25. 


Test  Chamber 


sion  measurements. 

During  the  facility  tests  PMT  signals  showed  strong 
temporal  fluctuations,  on  the  order  of  +/-  30  %,  across 
the  spectrum.  To  reduce  the  fluctuations  in  the  mea¬ 
sured  signals  the  PMT  output  was  filtered  with  a  30 
Hz,  12  dB/octave  low  pass  filter.  The  combination  of 
monochromator  scan  rate  and  electrical  low  pass  fil¬ 
tering  caused  an  artificial  broadening  (the  Full-Width 
at  Half-Maximum  (FWHM)  increased  from  2  to  2.6 
A)  and  slight  skewing  of  the  line  shapes.  The  settings 
chosen  were  considered  necessary  to  reduce  the  rapid 
fluctuations  and  still  scan  over  the  desired  wavelength 
range  during  a  4  min  facility  run.  Integrated  line  in¬ 
tensities,  which  were  used  in  the  data  analysis,  were 
negligibly  affected. 

Test  gases  were  either  air/argon  or  N2/argon  mixtures 
and  measurements  were  performed  over  a  wide  range 
of  facility  operating  conditions.  A  compilation  of  the 
test  conditions  is  given  in  Table  I  of  Ref.  25.  Results 
from  a  preliminary  analysis  of  some  of  the  data  are 
discussed  below. 

2.2.2.  Electrode  Package  R.esults  and  Discus¬ 
sion 

The  raw  signal  from  a  typical  spectral  scan  recorded 
during  a  single  facility  run  is  shown  in  Fig.  9a.  This 


raw  signal  was  then  corrected  for  the  instrumental 
spectral  response  that  was  determined  from  the  tung¬ 
sten  and  deuterium  lamp  calibration,  which  is  shown 
in  Fig.  9b.  The  resulting  calibrated,  absolute  intensity 
is  shown  in  Fig.  9c  and  the  predominance  of  atomic 
line  emission  over  molecular  band  emission  is  evident. 
Despite  differences  in  relative  strengths  stemming  from 
different  thermodynamic  conditions,  the  spectral  fea¬ 
tures  seen  in  Fig.  9c  are  the  same  as  seen  in  the  spec¬ 
trum  from  the  arc  column  that  was  presented  in  Fig.  7. 
Assignments  of  some  of  the  more  important  spectral 
features  of  the  electrode  package  spectrum  are  given 
in  Fig.  2  for  an  expanded  wavelength  scale. 


Fig.  9a-d.  Example  emission  spectrum  from  electrode 
package  measurements  showing:  a,  raw  signal  from 
electrode  package;  b,  system  spectral  response;  and  c, 
calibrated  emission  spectrum. 

Using  the  basic  procedure  outlined  in  the  introductory 
section,  Boltzmann  plots  of  the  spectrally  integrated 
atomic  transition  intensities  were  constructed  to  deter¬ 
mine  electronic  temperatures  assuming  that  the  flow 
region  was  in  local  thermal  equilibrium.  NEQAIR 
simulations  were  performed  to  evaluate  self-absorption 
since  it  is  possible  that  hot  gas  entirely  fills  the  elec¬ 
trode  package  region.  Example  Boltzmann  plots  for  N 
and  0  are  shown  in  Fig.  10  for  a  single  facility  test. 
Two  plots  are  shown  for  each  species;  one  assuming  the 
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gas  is  optically  thin,  and  a  second  plot  with  signals  cor¬ 
rected  for  radiation  trapping  based  on  NEQAIR  simu¬ 
lations  of  the  radiative  transport.  Instead  of  assuming 
an  arbitrary  temperature  profile  within  the  electrode 
package,  the  simpler  assumption  of  uniform  conditions 
over  the  measurement  domain  was  made.  Note  that 
the  correction  for  self- absorption  improves  the  agree¬ 
ment  between  the  electronic  temperatures  that  were 
determined  from  the  slopes  of  the  N  and  0  distribu¬ 
tions. 


Fig.  10.  Example  Boltzmann  plots  for  N  and  0,  with 
and  without  correction  for  self-absorption. 

Electronic  temperatures  deduced  from  0  and  N  inten¬ 
sities  are  presented  in  Fig.  11  as  a  function  of  specific 
heater  energy  (=  Vl/rn)  for  a  range  of  test  conditions. 
Two  sets  of  temperatures  are  shown  for  each  condi¬ 
tion:  with  and  without  correction  for  self-absorption. 
The  temperatures  show  little  variation  as  heater  power 
(VI)  is  increased.  Agreement  between  the  electronic 
temperatures  determined  from  O  and  N  transitions  is 
consistently  better  when  self- absorption  from  a  uni¬ 
form  absorber  distribution  along  the  line-of-sight  is 
taken  into  account.  Also,  the  temperature  values  de¬ 
rived  from  the  absorption  corrected  intensities  are  con¬ 
sistently  lower  than  the  uncorrected  values. 
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Fig.  11.  Plenum  temperatures  derived  from  the  anal¬ 
ysis  of  the  emission  spectra  for  2.4  atm  pressure. 

Despite  the  relatively  low  signal  levels,  the  molecular 
band  emission  was  also  analyzed  for  rotational  and  vi¬ 
brational  temperature  using  the  approach  of  Park14, 
which  was  based  on  spectrally-integrated  intensities  of 
(1-)  band  features.  Values  of  Tr  that  were  ob¬ 
tained  from  the  analysis  were  compared  with  Te  val¬ 
ues  and  were  found  to  be  consistently  higher  for  all  test 


conditions.  Vibrational  temperatures  that  were  deter¬ 
mined  from  the  spectrally  integrated  intensity  ratios 
were  even  higher  and  appeared  to  be  unreasonable.  All 
of  the  temperature  values  were  determined  from  spec¬ 
tra  that  were  corrected  for  self-absorption  assuming 
that  the  thermodynamic  conditions  and  species  distri¬ 
butions  were  uniform  across  the  viewing  region.  This 
assumption  may  not  hold  for  all  species;  in  fact,  it  is 
possible  that  the  molecular  species  are  absent  near  the 
center  of  the  flow  where  the  absorbing  atomic  popula¬ 
tions  may  be  greatest.  Likewise,  the  excessively  high 
vibrational  temperatures  may  indicate  that  the  band 
populations  may  not  be  equally  distributed  along  the 
line  of  sight.  However,  the  possibility  of  nonequilib¬ 
rium  conditions  can  not  yet  be  ruled  out. 
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Fig.  12.  Multiple  line-of-sight  optical  disk  for  electrode 
package  emission  measurements. 

Interpretations  of  emission  spectra  from  the  electrode 
package  and  plenum  regions  are  severely  constrained 
by  a  lack  of  knowledge  about  spatial  gradients  in  flow 
properties  and  species  distributions  that  may  exist. 
To  gain  further  insight,  an  improved  optical  disk  with 
multiple  line-of-sight  detection  capability  has  been  fab¬ 
ricated  for  installation  as  a  spacer  disk  in  the  electrode 
package  of  the  20  MW  arcjet  facility.  The  arrangement 
of  the  seven  viewports  is  shown  in  Fig.  12  and  the  as¬ 
sumption  that  the  flow  is,  on  average,  axisymmetric 
has  been  exploited  in  the  design. 

Measurements  in  the  electrode  region  are  still  in  the 
development  stage  at  this  time.  There  is  not  yet 
sufficient  information  to  definitely  establish  the  exis¬ 
tence  of  thermal  equilibrium  within  the  electrode  pack¬ 
age,  and  the  question  of  chemical  equilibrium  has  not 
been  attempted.  Consequently,  the  impact  of  elec¬ 
trode  package  and  arc  column  emission  measurements 
on  arcjet  flow  modeling  is  currently  negligible. 

2.3  Nozzle  and  Free  Stream 

In  most  large-scale  arcjet  facilities,  optical  access  ex¬ 
ists  at  the  exit  of  the  nozzle,  which  is  usually  attached 
to  an  enclosure  where  material  tests  are  conducted. 


3B-12 


Provided  that  populations  in  excited  electronic  levels 
exist,  it  is  possible  to  acquire  emission  spectra  from 
the  free  stream  at  the  entrance  to  the  test  chamber. 
Normally,  one  would  expect  little  or  no  population  in 
excited  states  based  on  credible  estimates  of  stream 
temperatures  and  the  widely  held  belief  that  the  flow 
is  thermally  and  chemically  frozen  for  most  test  con¬ 
ditions.  However,  if  excited  state  populations  exist, 
then  it  may  be  possible  to  use  emission  spectroscopy 
to  assess  the  degree  nonequilibrium  of  the  free  stream. 

As  part  of  an  earlier  spectroscopic  investigation  of  the 
Ames  AIIF  Arcjet  Facility,  Gopaul26  recorded  emis¬ 
sion  from  the  7  (A2 E+  -  A2^  and  6  (C2n  -  A2n) 
systems  of  NO  in  the  free  stream.  Only  rotational 
transitions  from  the  lowest  vibrational  level  of  the  two 
electronic  states  were  detected.  Using  NEQAIR  sim¬ 
ulations  to  fit  the  vibrational  bands  by  varying  the 
rotational  temperatures,  values  of  rotational  temper¬ 
atures  for  several  free  stream  test  conditions  were  ob¬ 
tained.  Since  no  emission  was  measured  from  levels 
having  v'  >  0,  no  assessment  of  the  free  stream  vibra¬ 
tional  temperature  could  be  made  (recall  that  emission 
from  two  different  vibrational  levels  is  required  to  de¬ 
termine  vibrational  temperature).  With  the  assump¬ 
tion  that  the  upper  electronic  state  population  was  in 
Boltzmann  equilibrium  with  the  ground  state,  large 
NO  (A)  populations  in  the  free  stream  were  inferred 
from  the  measurements.  Additional  CFD  simulations 
of  the  nozzle  flow  were  conducted  to  attempt  to  un¬ 
derstand  the  NO  populations.27  As  will  be  discussed 
below  in  the  section  on  LIF  measurements,  it  is  likely 
that  the  NO  (A)  state  is  not  in  equilibrium  with  the 
A  and  C  electronic  states. 

In  more  recent  measurements  with  a  different  nozzle 
and  with  different  facility  operating  conditions,  Park 
et  al  14’28  reconfirmed  the  findings  of  Ref.  26  regard¬ 
ing  the  emitting  states  and  vibrational  levels  of  NO. 
Surveys  over  a  wide  wavelength  range  with  long  ac¬ 
cumulation  times  on  a  CCD  camera  gave  no  indica¬ 
tion  of  appreciable  excited  state  populations  for  other 
species  in  the  free  stream  flow.  However,  this  does  not 
rule  out  possible  populations  in  metastable  electronic 
states  such  as  N2  (A),  O  (x5)  and  (1D),  or  N  (2D°) 
and  (2-P°).  In  a  second  experiment,  the  radial  distri¬ 
bution  of  excited-state  NO  was  investigated  in  the  free 
stream  flow.29  These  investigations  and  their  findings 
are  discussed  below. 

2.3.1  Experimental  Configuration  for  Free- 
Stream  Measurements 

A  typical  optical  configuration  for  the  free  steam  mea¬ 
surements  is  shown  in  Fig.  13.  The  spherical  collection 
mirror  was  positioned  to  give  an  object  to  image  mag¬ 
nification  of  0.25  and  a  mask  with  eight  apertures  was 
used  to  image  eight  separate  (about  3  mm  apart)  0.2 
mm  x  0.5  mm  object  areas  in  the  flow  onto  a  CCD 


camera.  The  spatial  dimension  of  the  camera  could 
be  aligned  with  either  the  flow  axis  or  the  spanwise 
(radial)  direction  of  the  conical  flow. 

The  spectrograph  was  equipped  with  a  1200  g/mm, 
300-nm-blaze  ruled  grating  and  the  entrance  slit  width 
was  set  to  50  pm.  This  produced  a  reciprocal  linear 
dispersion  of  3  nm/mm.  Emission  spectra  were  cap¬ 
tured  by  a  1024  x  256  2-D  CCD  camera  array  mounted 
at  the  exit  plane  of  the  spectrograph  with  the  1024 
pixel  side  in  the  wavelength  direction.  The  27  pm 
square  pixels  limited  the  spectral  coverage  of  the  array 
to  approximately  800  A  and  the  total  spatial  coverage 
to  roughly  25  mm.  The  spectral  resolution  on  the  ar¬ 
ray  and  instrumental  broadening  were  determined  to 
be  0.8  A/pixel  and  1.6  A  FWHM,  respectively. 

275  m  Input  ^Pl'c  Syslem 


Fig.  13.  Experimental  setup  for  free  stream  emission 
measurements. 

Calibration  of  Optical  System  The  measured 
emission  spectra  were  corrected  for  the  spectral  re¬ 
sponse  of  the  mirrors,  filters,  grating,  and  CCD  ar¬ 
ray.  Two  National  Institutes  of  Standard  and  Technol¬ 
ogy  (NIST)  traceable  standards  of  spectral  radiance,  a 
deuterium  lamp  and  a  tungsten  ribbon-filament  lamp, 
were  used  to  calibrate  the  optical  system  in  units  of 
W j err?  —  pm  —  sr.  Details  of  the  procedure  are  given 
in  Ref.  14. 

Facility  For  these  tests,  the  arcjet  nozzle  was  con¬ 
figured  with  a  3.81  cm  diameter  throat  and  an  exit 
diameter  of  30.48  cm.  The  arc  heater  was  operated 
at  two  different  test  conditions  that  are  identified  as 
the  low  pressure  and  high  pressure  cases.  For  the  low 
and  high  pressure  cases  the  heater  pressure,  arc  cur¬ 
rent,  and  arc  voltage  were:  Low)  1.7  atm,  1141  A, 
and  2657  V  and  High)  6.8  atm,  2075  A,  and  5630  V; 
respectively.  The  test  gas  consisted  of  air  and  argon 
[mAr  =.03  kg/s). 

2.3.2  Free  Stream  Results  and  Discussion 

A  typical  free  stream  emission  spectrum  for  the  2000 
to  2800  A  grating  position  is  shown  in  Fig.  14.  This 
spectrum  was  taken  on  the  free  stream  centerline,  and 
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is  representative  of  the  eight  separate  spectra  acquired 
by  the  CCD-based  system.  As  mentioned  in  the  intro¬ 
ductory  section,  only  emission  from  v'  =  0  levels  was 
evident  for  both  the  7  and  S  bands.  As  indicated  in 
Fig.  14,  the  detected  spectra  were  identified  as  belong¬ 
ing  to  the  NO  7  and  S  systems. 


Fig.  14.  Free  stream  spectra  taken  at  the  center  of  free 
stream  and  30  cm  downstream  from  the  nozzle  exit. 

The  rotational  temperature,  Tr  was  determined  from 
the  well  resolved  vibrational  bands  in  Fig.  14.  The 
FWHM  of  the  band  intensity  was  calculated  for  differ¬ 
ent  Tr  values  using  NEQAIR.  In  Fig.  15,  the  FWHM 
of  the  NO  7  (0,1)  band  is  plotted  as  a  function  of  Tr 
with  a  fixed  instrumental  line  width  of  1.6  A.  Using 
this  correlation  and  the  measured  FWHM  of  the  NO 
7  (0,1)  band,  a  Tr  value  was  obtained  for  each  test 
condition  for  the  eight  spectra  along  the  flow  axis. 


Rotational  temperature,  K 


Fig.  15.  FWHM  of  NO-7  (0,1)  band  as  a  function  of 
Tr. 

Rotational  temperatures  for  two  different  facility  oper¬ 
ating  conditions  are  summarized  in  Table  I  along  with 
the  facility  operating  conditions  for  the  tests.  The  re¬ 
ported  values  represent  the  average  of  the  three  rota¬ 
tional  temperatures  determined  from  the  NO  7  (0,1), 
(0,2),  and  (0,3)  features.  As  expected,  the  rotational 
temperature  from  the  higher  pressure,  higher  current 
test  case  is  greater  than  that  for  the  lower  pressure 
and  current  case.  Because  the  Tr  determination  does 


not  rely  on  absolute  intensity,  the  leading  contribu¬ 
tion  to  the  uncertainty  comes  from  unresolved  back¬ 
ground  emission  underlying  the  NO  spectral  features 
rather  than  uncertainty  in  the  intensity  calibration. 
The  cause  of  this  background  emission  has  not  been 
identified.  Although  the  level  of  this  background  signal 
is  small,  it  does  affect  the  temperature  determination. 
A  secondary  contribution  stems  from  the  finite  spec¬ 
tral  resolution  and  its  influence  on  the  determination 
of  the  FWHM.  This  contribution  was  quantified  by 
evaluating  the  scatter  in  the  eight  separate  free  stream 
measurements  that  were  simultaneously  acquired  by 
the  CCD  camera.  Thus,  the  uncertainty  value  indi¬ 
cated  in  the  table  includes  both  contributions. 


Table  I.  Arcjet  test  conditions  and  measured  rota¬ 
tional  temperatures  from  free  stream  emission  experi¬ 
ments. 


Run  Condition  &  Rotational  T 

Run 

Pressure 

Current 

Voltage 

Temp. 

atm 

A 

V 

K 

A 

1.70 

1141 

2657 

618±38 

B 

6.80 

5630 

989±75 

It  should  be  noted  that  the  Tr  values  given  in  Table  I 
represent  line-of-sight  intensity  averaged  values  for  the 
free  stream.  Thus,  the  distribution  of  the  NO  emission 
in  the  stream  must  be  relatively  uniform  for  the  Tr 
values  to  be  representative  of  the  free  stream. 

Radial  Distribution  of  NO  7-  To  ascertain  the  dis¬ 
tribution  of  the  NO  emission  in  the  free  stream,  a 
radial  intensity  survey  was  performed.  For  this  ex¬ 
periment,  the  image  was  rotated  90°  to  align  with  the 
radial,  or  spanwise,  direction  and  a  modified  mask  was 
used  to  define  four  object  areas  separated  by  8.9  mm 
in  the  flow.  By  tilting  the  first  plane  mirror  of  the 
collection  system,  four  spatially  distinct  spectra  were 
acquired  at  6  locations  spaced  at  35.6  mm  apart  to 
cover  the  stream  during  a  single  run. 

Results  from  the  radial  survey  of  the  NO  emission  are 
shown  in  Fig.  16  for  the  low  pressure,  low  current  con¬ 
dition.  Peak  values  of  NO  7  (0,2)  band  emission  are 
plotted  as  a  function  of  radial  distance  for  one  of  the 
four  object  areas  that  were  imaged  at  each  measure¬ 
ment  location.  Also  shown  on  the  figure  is  an  Abel- 
inverted  emission  distribution  derived  from  the  radial 
measurements.  As  this  shows  a  large,  relatively  uni¬ 
form  region  in  the  central  portion  of  the  flow,  it  ap¬ 
pears  that  the  Tr  of  NO  7  and  S  states  is  representative 
of  a  large  portion  of  the  inviscid  flow.  Whether  or  not 
the  rotational  temperature  of  these  excited  NO  states 
represents  the  rotational  temperature  of  the  ground 
state  molecular  populations  has  not  yet  been  estab¬ 
lished. 
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Fig.  16.  NO  7  (0,2)  intensity  as  a  function  of  radial 
position. 


Based  on  the  results  of  these  and  earlier  investigations, 
it  appears  that  measurements  of  free  stream  rotational 
temperature  can  be  made  with  relatively  low  uncer¬ 
tainty.  This  presents  opportunities  for  instrumenta¬ 
tion  development  that  can  enable  real-time  monitor¬ 
ing  of  the  free  stream  rotational  temperature  with  a 
small,  dedicated  spectrometer  and  detector. 


Fig.  17.  Stagnation  point  heating  configuration  for  a 
blunt.-body  test  article. 

2.4  Shock  Layer  Flows 

A  stagnation  point  heating  configuration  is  frequently 
used  in  the  development  and  testing  of  thermal  pro¬ 
tection  materials  in  large  scale  arcjet  facilities.  With 
the  stagnation  point  configuration  and  a  supersonic 
free  stream  flow,  a  bow  shock  is  formed  over  the  test 
article,  as  depicted  in  Fig.  17.  Flow  compression  by 
the  shock  causes  a  significant  temperature  rise,  which 
populates  many  emitting  states.  For  modest  enthalpy 


levels,  significant  visible  emission  can  be  observed  em¬ 
anating  from  the  shock  layer.  Thus,  the  potential  use 
of  shock-layer  emission  to  characterize  the  flow  has 
been  investigated  extensively.3’28-34  Although  similar 
investigations  of  subsonic  boundary  layer  flows  formed 
over  blunt  bodies  have  also  been  undertaken,35,36  the 
discussion  in  this  section  will  be  restricted  to  shock 
layer  measurements. 

Characterization  of  the  shock  layer  enthalpy  by  spec¬ 
tral  analysis  of  emission  measurements  is  possible  if 
equilibrium  conditions  are  reached  within  the  shock 
layer.  If  equilibrium  is  attained,  then  the  spectral  fea¬ 
tures  of  radiation  are  a  function  only  of  pressure  and 
enthalpy.  Pressure  measurements  in  the  shock  layer 
are  routinely  performed,  as  mentioned  in  the  introduc¬ 
tion.  If  a  spectral  measurement  of  temperature  can  be 
obtained  under  equilibrium  conditions,  then  the  flow 
enthalpy  can  be  specified. 

In  recent  shock  layer  emission  experiments  carried  out 
at  the  Ames  AHF  Arcjet  Facility,  tests  were  conducted 
at  conditions  deemed  likely  to  generate  a  region  of 
thermochemical  equilibrium  within  the  shock  layer; 
i.e.,  at  higher  stagnation  pressure  and  with  a  large  di¬ 
ameter  test  model.14,28,29  In  these  experiments,  spec¬ 
trally  resolved  emission  measurements  were  acquired 
simultaneously  from  multiple  spatial  locations  along 
the  central  stagnation  streamline  for  two  different  fa¬ 
cility  operating  conditions.  Analytical  methods  were 
developed  to  determine  Tr,  Tv,  and  Te  of  the  shock 
layer  using  the  Nj  1-  system  and  atomic  oxygen  lines. 
For  one  test  condition,  the  spectrally  determined  tem¬ 
peratures  were  used  to  obtain  line-of-sight  averaged 
number  densities  of  Nj,  N2,  CN,  and  O  from  the  shock 
layer  emission  spectra.  An  additional  experiment  was 
performed  to  evaluate  the  extent  and  influence  of  ra¬ 
dial  intensity  gradients  for  the  low  pressure,  low  cur¬ 
rent  condition.  The  experimental  configuration,  ana¬ 
lytical  approach,  and  flow  property  measurement  re¬ 
sults  for  these  investigations  are  discussed  below. 


Input  Optic  System 


Fig.  18.  Optical  configuration  for  shock  layer  emission 
measurements  in  the  AHF  Arcjet  Facility. 
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2.4.1  Experimental  Configuration  for  Shock- 
Layer  Measurements 

For  the  shock  layer  investigations,  the  experimental 
configuration  is  basically  the  same  as  that  given  above 
for  the  free  stream  emission  measurements.  However, 
a  15.24  cm  diameter  blunt.-body  test  article  is  placed 
in  the  stream  and  a  shock  layer  is  formed,  as  shown 
in  Fig.  18.  The  eight  apertures  of  the  mask  are  now 
used  to  define  eight  distinct  object  areas,  which  are 
spaced  roughly  3  mm  apart,  within  the  shock  layer. 
The  arrangement  of  the  aperture  images  in  the  object 
region  is  shown  in  Fig.  19.  The  total  distance  imaged 
onto  the  CCD  camera  from  the  shock  layer  was  limited 
to  25  mm,  which  did  not  allow  complete  shock  layer 
coverage  in  a  single  facility  run  for  the  test  conditions. 
Therefore,  two  axial  positions  of  the  test  article,  34.5 
cm  and  36.9  cm  downstream  of  the  nozzle  exit,  were 
used  to  obtain  spectra  from  the  full  shock  layer.  Facil¬ 
ity  test  conditions  for  these  experiments  were  the  same 
as  given  above  in  Table  I  for  the  free  stream  measure¬ 
ments. 


Fig.  19.  Object  and  image  planar  areas  defined  by  the 
mask  used  in  the  collection  system  for  the  axial  shock 
layer  survey. 

2.4.2  Flow  Properties  from  Emission 

Before  discussing  the  flow  properties  derived  from  the 
analysis  of  the  emission  spectra,  it  is  useful  to  review  a 
typical  emission  spectrum  acquired  at  one  of  the  eight 
spatial  locations  within  the  shock  layer.  This  spec¬ 
trum  is  shown  in  Figs.  20a-d,  and  it  was  acquired  at 
a  position  17.9  mm  upstream  from  the  face  of  the  test 
article  for  a  high  current,  high  pressure  test  condition. 
In  some  of  the  figures,  measured  emission  from  multi¬ 
ple  separate  grating  positions  are  joined. 

In  the  2000-3000  A  range,  as  shown  in  Fig.  20a,  NO 
■y  was  the  most  significant  with  some  weaker  emission 
from  higher  vibrational  levels  of  the  N2  (2+)  system. 
Emission  from  the  NO  f3  system  could  also  be  present 
even  though  there  is  no  distinct  evidence  of  NO  /?  spec¬ 
tral  features. 
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Fig.  20a.  Shock-layer  emission  spectrum  in  the  2000 
-3000  A  range  for  a  flat-faced,  cylindrical  test  article 
of  15.24  cm  diameter. 

In  the  3050-3650  A  and  the  3950  -  4820  A  spectral 
ranges,  as  shown  in  Figs.  20b  and  20c,  the  identified 
transitions  were  attributed  to  NO  (7),  N2  (2+),  N^ 
(1-),  and  CN  Violet  systems.  Also,  several  Cu  atomic 
transitions  are  identified.  These  were  expected,  be¬ 
cause  copper  electrodes  were  used  in  the  AHF  Arcjet 
Facility  for  these  tests  and  copper  is  present  in  the 
stream  due  to  arc-induced  erosion. 
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Fig.  20b.  Shock-layer  emission  spectrum  in  the  3050  - 
3650  A  range  for  a  flat-faced,  cylindrical  test  article  of 
15.24  cm  diameter. 


Wavelength,  A 

Fig.  20c.  Shock-layer  emission  spectrum  in  the  3950  - 
4820  A  range  for  a  flat-faced,  cylindrical  test  article  of 
15.24  cm  diameter. 


Example  spectra  for  the  7500  to  9500  A  range  are 
shown  in  Fig.  20d.  The  dominant  emission  features 
are  O  and  N  atomic  lines,  with  a  broad  background 
contribution  from  N2  (1+)  emission.  Transitions  that 
were  used  to  determine  electronic  temperatures  within 
the  shock  layer  are  identified  by  their  upper  and  lower 
electronic  states. 
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Fig.  20d.  Shock-layer  emission  spectrum  in  the  7500  - 
9500  A  range  for  a  flat-faced,  cylindrical  test  article  of 
15.24  cm  diameter. 

Temperatures  from  Spectra-  As  shown  in  Figs.  20b 
and  20c,  the  T  band  system  was  the  most  domi¬ 
nant  one  and  it  proved  to  be  the  most  reliable  for  de¬ 
termining  line-of-sight  averaged  values  of  Tr  and  Tv.24 
The  analytical  approach  is  based  on  the  use  of  ratios  of 
spectrally  integrated  intensities  in  well-resolved  spec¬ 
tral  regions  that  are  largely  free  of  interfering  emis¬ 
sion  from  other  species.  Although  peak  intensity  ratios 
were  also  evaluated,  area  ratios  were  selected  because 
of  their  reduced  sensitivity  to  the  limited  spectral  res¬ 
olution  of  the  CCD  camera. 


Fig.  21.  A  pair  of  areas  used  in  Tr  determination. 

Rotational  Temperature  -  In  contrast  to  the  rel¬ 
atively  cool  free  stream  conditions,  Tr  of  the  shock 
layer  is  quite  high,  and  the  vibrational  bands  are  no 
longer  completely  resolved.  Therefore,  to  evaluate  Tr 
from  the  shock  layer  spectra,  an  approach  based  on 
the  ratio  of  spectrally  integrated  areas  within  a  single 
vibrational  band  was  developed.  Details  of  this  anal¬ 
ysis  were  presented  in  the  introductory  section  above, 
and  an  approximate  expression  relating  Tr  to  the  ratio 
of  spectrally  integrated  intensities  was  derived, 

rp  _  ( JijJi  +  1)  -  J?{J2  +  !))#;• 

In  [{WoSjjivf)/{yViSjj2v%)} 

In  Fig.  21,  the  spectral  intervals  W\  and  W2  of  the 
^2"  1“  (0 >0)  band  system  that  were  used  to  determine 


Tr  are  shown  by  the  shaded  regions.  The  baseline  sig¬ 
nal  was  taken  from  the  minimum  near  the  band  head 
rather  than  absolute  zero  of  the  spectral  intensity  to 
reduce  the  contribution  of  any  unresolved  background 
light  to  the  integrals. 

While  the  approximate  expression  given  above  is  use¬ 
ful  for  assessing  rotational  temperature  sensitivity  to 
changes  in  intensity  ratios,  it  is  not  sufficiently  accu¬ 
rate  for  determining  Tr  values.  Instead,  NEQAIR  sim¬ 
ulations  were  run  to  develop  correlations  between  the 
intensity  ratio  values  and  Tr.14  As  an  example,  the 
ratio  of  integrated  spectral  intensities  from  the  two  re¬ 
gions  is  shown  in  Fig.  22  as  a  function  of  Tr  and  Tv. 
Although  the  intensity  ratio  shows  some  sensitivity  to 
Tv  at  higher  rotational  temperature,  it  appears  to  be 
relatively  insensitive  to  Tv  over  most  of  the  range  of 
temperatures  anticipated  in  the  shock  layer. 
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Fig.  22.  The  ratio  of  spectral  integrals  from  the  1- 
(0,0)  band  as  a  function  of  Tr  and  Tv. 

Vibrational  Temperature  -  The  determination 
of  Tv  from  1-  system  emission  involves  an  ap¬ 
proach  similar  to  that  used  in  Tr  evaluation,  except 
now  the  spectral  integrals  are  taken  from  two  differ¬ 
ent  vibrational  bands  with  v{  yf  v'2.  In  Fig.  23,  what 
were  determined  to  be  the  optimum  intervals  for  this 
application14  are  shown  by  the  extent  of  the  shaded  re¬ 
gion.  To  maximize  signal  levels  and  permit  easy  identi¬ 
fication,  the  intervals  were  restricted  to  the  band-head 
spectral  regions.  Again,  to  reduce  the  contribution  of 
background  signal,  each  area  was  measured  from  the 
minimum  close  to  the  band  head.  As  with  Tr,  the  sim¬ 
plified  analytical  expression  that  was  developed  in  the 
introductory  section  above  to  relate  Tv  to  the  mea¬ 
sured  intensity  ratio, 

T  _  (tq  -  v2)6v _ 

V  ^[(I2qi^/(Iiq2u4f(Tr))]  ’ 

is  only  useful  for  evaluating  differences  in  uncertainty 
for  different  spectral  features.  Accurate  determination 
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ofTt,  requires  the  use  of  NEQAIR,  or  a  similar  spectral 
model  to  account  for  the  coupling  between  Tr  and  Tv  as 
well  as  possible  interfering  emission  from  other  species. 
Using  NEQAIR,  correlations  were  developed  between 
Tv  and  the  spectrally  integrated  band  intensities. 


Fig.  23.  A  pair  of  areas  used  in  Tv  determination. 

Electronic  Temperature  -  Two  sets  of  atomic  oxy¬ 
gen  transitions  were  used  to  determine  electronic  tem¬ 
peratures  in  the  analysis  of  spectra  from  these  exper¬ 
iments,  and  their  wavelengths  were:  1)  7773.4  and 
9263.9  A,  2)  8446.5  and  9263.9  A.  These  transition 
pairs  had  adequate  signal-to-noise  ratios  and  their  dif¬ 
ference  in  upper-state  energy  levels  is  greater  than 
other  possible  two-line  combinations  in  this  spectral 
region.  As  discussed  in  the  introductory  section  on 
emission  measurements,  the  uncertainty  in  Te  due  to 
the  uncertainty  in  intensity  decreases  as  the  difference 
in  energy  levels  increases  (see  Eq.  (16)).  For  Te,  the 
analytical  expression  that  was  derived  in  the  introduc¬ 
tory  section, 


T  -  E2)/k 

In  [(/2Ai£fi^i)/(/iA2Sf2^2)] 

was  used  to  determine  electronic  temperature  values 
from  the  shock  layer  emission  spectra.  However,  the 
influence  of  the  unresolved  background  emission  that 
underlies  the  atomic  transitions  was  evaluated  using 
NEQAIR. 

Line-of-sight  Integrated  Species  Densities  - 
With  the  assumption  that  Te  —  Tv  for  the  molecules, 
the  integrated  species  densities  along  the  line-of-sight 
could  be  determined  from  the  relation, 


nL  — 


IinQ  cEu/kT' 

QuA-ul  hpu i 


(28) 


which  was  derived  by  spectrally  integrating  Eq.  (14) 
and  solving  for  nL.  Values  of  nL  were  obtained  for  N2, 
CN,  and  Nj  using  Tv  determined  from  the  N^  band 
head  ratios. 


Uncertainty  of  Spectral  Analysis  -  For  the  tem¬ 
peratures  derived  from  emission  measurements,  the 


leading  contributions  to  the  uncertainties  were  typi¬ 
cally:  1)  the  background  signal  that  is  thought  to  con¬ 
sist  of  stray  light  and  contributions  from  unidentified 
species;  2)  finite  instrumental  resolution  of  the  impor¬ 
tant  spectral  features,  which  can  be  seen  in  Figs.  21 
and  23;  3)  coma  from  the  off-axis  reflectors  in  the  spec¬ 
trograph,  which  shifted  the  spectra  in  wavelength  for 
different  locations  on  the  CCD  camera;  and  4)  uncer¬ 
tainties  in  spectroscopic  constants. 

Uncertainties  arising  from  the  absolute  intensity  cal¬ 
ibration  are  considerably  smaller  than  the  contribu¬ 
tions  listed  above  for  temperatures  because  ratios  of 
spectral  features  were  used  instead  of  absolute  inten¬ 
sities.  Whenever  possible,  ratios  of  spectral  features 
from  a  single  grating  position,  or,  in  the  case  of  elec¬ 
tronic  temperatures,  adjacent  grating  positions  were 
used  to  minimize  uncertainty  contributions  from  the 
instrumental  calibration.  For  integrated  species  den¬ 
sities,  however,  the  absolute  calibration  uncertainty 
does  contribute,  but  it  is  still  less  important  than  the 
uncertainty  in  electronic  temperature  (or  Tv ,  depend¬ 
ing  on  what  was  assumed).  Possible  additional  uncer¬ 
tainty  contributions  from  facility  operation  and  spatial 
averaging  are  discussed  below. 

2.4.3  Shock  Layer  Results  and  Discussion 

Results  are  presented  for  shock  layer  temperature  and 
species  density  measurements  that  were  derived  from 
spectrally  resolved  emission  emanating  from  multiple 
locations  within  the  shock  layer.  All  of  the  mea¬ 
sured  quantities  represent  time-averaged  values  ob¬ 
tained  during  the  steady  operation  of  the  facility. 
Spectral  surveys  of  the  shock  layer  emission  were  per¬ 
formed  for  two  different  optical  configurations.  In 
the  first  configuration,  multiple  spectra  were  acquired 
along  the  central  stagnation  streamline  for  the  high 
and  low  pressure  flow  conditions  given  in  Table  I.  A 
different  optical  arrangement  was  used  to  perform  a 
survey  of  the  shock  layer  emission  at  the  lower  pres¬ 
sure  condition  of  Table  I  to  assess  the  radial  intensity 
gradients  within  the  shock  layer. 

High  Pressure  Case  -  Line-of-sight  averaged  flow 
temperatures  for  the  high  pressure  test  case  are  shown 
in  Fig.  24,  which  presents  shock  layer  profiles  of  Tr  and 
Tv  for  two  separate  facility  runs  at  the  same  nominal 
test  conditions.  Uncertainties  in  the  measured  values 
are  indicated  by  error  bars.  For  both  Tv  and  Tr,  the 
measurements  indicate  a  general  trend  of  decreasing 
temperature  as  the  test  article  surface  is  approached. 
Agreement  between  the  two  different  sets  of  Tv  and 
Tr  measurements  is  generally  quite  good,  which  indi¬ 
cates  that  the  facility  performance  is  reasonably  re¬ 
peatable.  For  each  test,  the  line-of-sight  averaged  Tv 
and  Tr  values  do  not  overlap  within  their  estimated 
uncertainties;  Tr  is  consistently  higher  than  Tv.  While 
this  difference  may  indicate  the  absence  of  thermal 
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equilibrium,  it  may  also  be  indicating  the  influence 
of  differential  averaging  effects  along  the  line-of-sight. 
This  latter  effect  is  important,  since  contributions  to 
the  measured  intensity  come  from  the  vicinity  of  the 
shock  front  at  all  spatial  locations.  Near  the  shock, 
the  flow  is  more  likely  to  be  in  nonequilibrium  and  this 
nonequilibrium  contribution  to  the  line-of-sight  aver¬ 
aged  intensity  may  be  significant.  Finally,  the  uncer¬ 
tainty  in  Tr  is  greater  than  in  Tv .  This  arises  from  the 
difference  in  sensitivities  of  the  temperatures  to  the  re¬ 
spective  intensity  ratios.  Electronic  temperatures  are 
not  shown  in  Fig.  24  because  it  was  found  that  one 
of  the  transitions  used  in  determining  Te,  the  8446  A 
transition  of  0,  has  a  large,  unresolved  background 
contribution  that  cannot  be  properly  accounted  for  in 
the  analysis.  This  issue  is  discussed  further  below. 


Fig.  24.  Shock  layer  Tr  and  Tv  profiles  for  the  high 
pressure  case.  Note  that  data  are  shown  for  two  dif¬ 
ferent  facility  runs  and  that  the  flow  goes  from  left  to 
right.  Lines  are  drawn  to  guide  the  eye. 

Species  Densities  for  High  Pressure  Case  -  Line- 
of-sight  integrated  species  densities,  nL,  of  N2,  CN, 
and  are  shown  in  Fig.  25  for  one  run  of  the  high 
pressure  case.  The  electronic  temperature  for  these 
species  was  assumed  to  be  equal  to  the  line-of-sight 
averaged  vibrational  temperature  that  was  measured 
using  the  N^  intensity  ratio  (see  Eq.  (28)).  All  of  the 
integrated  species  densities  appear  to  increase  moving 
from  the  shock  front  into  the  shock  layer  and  then  de¬ 
crease  as  the  test  article  surface  is  approached.  The 
uncertainties  are  again  indicated  by  the  size  of  the  er¬ 
ror  bars.  Uncertainty  is  greatest  for  nJL  for  No,  ow¬ 
ing  to  the  use  of  (2+)  system  emission,  which  has  a 
high  upper  state  energy  level,  to  determine  the  inte¬ 
grated  density.  Recall  that  for  species  densities,  the 
uncertainty  in  electronic  temperature  is  amplified  by 


Eu/kTe.  The  upper  state  energy  levels  of  CN  and  Nj 
are  approximately  half  of  that  of  the  No  C  state.  Con¬ 
sequently,  the  uncertainty  in  Te  =  Tv  has  less  impact 
on  those  species. 


Fig.  25.  LOS  integrated  number  densities  of  N+,  N2, 
and  CN  along  the  stagnation  streamline. 


Fig.  26.  Shock  layer  Tr  and  Tv  profiles  for  the  low  pres¬ 
sure  cases.  Note  that  data  are  shown  for  two  different 
facility  runs. 

Low  Pressure  Case  -  Line-of-sight  integrated  Tr  and 
Tv  values  for  the  lower  current,  lower  pressure  case  are 
shown  in  Fig.  26.  Again,  results  from  two  different  fa¬ 
cility  runs  are  shown,  and  the  agreement  between  the 
measurements  from  the  two  different  runs  is  reason¬ 
able.  The  agreement  is  generally  better  for  the  rota¬ 
tional  temperatures  and  improves  for  the  measurement 
locations  nearer  to  the  test  article.  The  uncertainties 
are  largest  near  the  shock,  owing  to  relatively  weak  Nt 
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emission  signals  superimposed  on  a  larger  background 
signal.  Although  Tv  and  Tr  appear  to  nearly  converge 
at  10  mm,  the  two  temperatures  do  not  overlap  near 
the  test  article  surface.  As  in  the  high  pressure  case, 
this  could  indicate  thermal  nonequilibrium,  or  it  could 
indicate  differential  averaging  effects  along  the  line-of- 
sight.  Further  analysis  of  the  emission  has  indicated 
that  the  temperatures  near  the  shock  may  be  less  re¬ 
liable  owing  to  differences  in  intensities  between  the 
two  separate  runs.29 

Radial  Temperature  Profiles  -  To  better  under¬ 
stand  the  spatial  averaging  of  intensity  within  the 
shock  layer,  a  radial  survey  was  conducted  at  the  low 
pressure  conditions  using  the  test  article  and  optical 
components  described  above.  However,  as  noted  in 
the  discussion  of  the  free  stream  survey,  the  mask  was 
modified  to  reduce  the  number  of  imaged  areas  to  four 
and  the  image  was  rotated  to  align  with  the  radial 
flow  direction.  For  the  shock  layer  survey,  four  spa¬ 
tially  distinct  spectra  were  acquired  at  intervals  of  17.8 
mm  to  cover  the  entire  shock  layer.  The  survey  was 
conducted  at  a  location  12.7  mm  upstream  of  the  test 
article  surface.  Details  of  the  experiment  are  given  in 
Ref.  29.  The  emission  spectra  that  were  acquired  at 
multiple  locations  in  the  radial  direction  during  a  sin¬ 
gle  facility  run  were  analyzed  by  performing  an  Abel 
inversion,  as  described  in  the  introductory  section  on 
emission  diagnostics  above.  Rotational,  vibrational, 
and  electronic  temperature  values  were  then  derived 
from  the  spatially  resolved  emission  distribution  using 
the  analytical  methods  that  were  described  above. 
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Fig.  27.  Radial  temperature  profile  in  the  shock  layer 
at  12.7  mm  upstream  from  the  test  article.  Labels  for 
Te  indicate  the  shorter  wavelength  0  transition  of  the 
pair. 

Electronic,  vibrational,  and  rotational  temperatures 
that  were  determined  for  each  radial  position  for  the 
shock-layer  flow  are  shown  in  Fig.  27,  where  they  are 
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plotted  as  functions  of  distance  from  the  central  flow 
axis  along  the  radial  direction.  Although  the  three 
temperatures  were  all  measured  at  the  same  location, 
the  values  are  offset  slightly  from  each  other  to  im¬ 
prove  clarity.  Twice  as  many  electronic  temperatures 
are  shown,  because  values  were  determined  for  the  first 
and  third  object  areas  at  each  location.  Only  the  first 
object  area  was  used  to  derive  vibrational  and  rota¬ 
tional  temperatures.  As  before,  error  bars  for  each 
temperature  are  used  to  indicate  uncertainties.  Recall 
that  two  different  Te  values  were  determined  using  two 
sets  of  oxygen  transitions:  1)  7773.4  and  9263.9  A, 
and  2)  8446.5  and  9263.9  A.  Electronic  temperatures 
from  these  transition  pairs  are  identified  by  the  shorter 
wavelength  transition. 

The  measured  temperatures  presented  in  Fig.  27  can 
be  seen  to  agree  within  their  error  bounds,  except  Te 
based  on  the  oxygen  lines  at  8446.5  and  9263.9  A. 
Since  this  Te  is  consistently  lower  than  the  value  de¬ 
rived  from  the  other  atomic  lines,  it  is  likely  that  even 
after  background  subtraction  there  is  still  significant 
emission  from  other  species  in  the  spectrally  integrated 
signal.  Supporting  evidence  was  found  by  comparing 
the  inferred  nL  densities  of  atomic  oxygen  using  the 
two  different  Te  values.  The  value  obtained  using  the 
7773.4  and  9263.9  A  line  pair  was  more  consistent  with 
estimates  of  O  densities  based  on  the  impact  pressure 
measurement  and  the  known  oxygen  mass  flow.29 

Excluding  the  Te  values  derived  from  the  8446.5  A 
transition  pair,  the  three  different  measured  tempera¬ 
tures  agree  within  their  error  bounds,  which  indicates 
that  the  flow  could  be  in  thermal  equilibrium.  Fur¬ 
ther  analysis  to  assess  the  chemical  state  of  the  shock 
layer  flow  at  the  measurement  locations  is  currently 
underway. 

Optical  system  Bow 


Fig.  28.  Schematic  representation  of  the  light  collec¬ 
tion  cone. 

Spatial  Averaging  -  In  an  attempt  to  better  under¬ 
stand  the  averaging  of  the  emission  signals  along  the 
line-of-sight,  a  ray  tracing  analysis  of  the  light  collec¬ 
tion  geometry  was  performed  for  the  initial  f/50  exper¬ 
imental  configuration  that  was  used  in  the  axial  shock 
layer  survey.  The  analysis  indicated  that  the  spatial 
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resolution  of  the  light  collection  system  was  not  what 
had  been  designed.  An  idealized  representation  of  the 
light  acceptance  cone  for  a  single  object  area  defined 
by  the  optical  components  is  shown  in  Fig.  28.  In  re¬ 
ality,  the  planar  cross  section  depicted  on  the  figure 
at  the  flow  centerline  is  distorted  by  astigmatism  in¬ 
troduced  by  the  off-axis  orientation  of  the  spherical 
mirror  of  the  collection  system.  Light  rays  in  the  lo¬ 
cal  x  and  y  directions  are  actually  focused  at  different 
locations  along  the  line-of-sight  dimension  because  of 
this  astigmatism. 

Using  ray-tracing  software,  the  dimensions  of  the  light 
collection  cone  were  calculated  at  different  locations 
along  the  line-of-sight  and  the  results  are  shown  in 
Fig.  29.  Calculations  of  Ax  and  Ay  were  done  from 
8  cm  above  to  12  cm  below  the  stagnation  stream¬ 
line.  Separation  of  the  focal  points  for  Ax  and  Ay  is 
apparent,  and  the  size  of  the  imaged  area  extends  to 
roughly  .28  cm  for  Ay  and  .43  cm  for  Ax  near  where 
the  sight  line  crosses  the  shock  wave.  These  dimen¬ 
sions  are  on  the  order  of  the  shock  stand-off  distance 
for  these  experiments,  and  it  is  likely  that  additional 
spatial  averaging  along  the  spanwise  and  streamwise 
directions  was  introduced  into  the  measurements.  In 
view  of  this  result,  the  aperture  was  closed  further  in 
the  radial  survey  experiment  to  increase  the  system 
f ’/#  to  100  and  thereby  minimize  this  effect. 
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Fig.  29.  Dimensions  of  the  light  cone  of  Fig.  28  as  a 
function  of  distance  along  the  line-of-sight  direction. 

Uncertainty  in  Arc-Jet  Conditions  -  In  all  of  the 
work  discussed  thus  far,  the  operating  condition  of  the 
facility  is  assumed  to  be  constant.  However,  fluctua¬ 
tions  in  shock-layer  emission  could  be  observed  visu¬ 
ally  during  the  experiments.  For  one  electrode  pack¬ 
age  experiment,  the  temporal  variation  of  the  7773.4 
A  atomic  oxygen  transition  intensity  was  monitored. 
A  running-averaged  signal  value  was  calculated  over 
a  fixed  time  interval.  The  standard  deviation  of  this 
averaged  signal  indicated  the  fluctuation  level  of  the 


raw  data.  For  texp  >2  s,  the  fluctuations  became  neg¬ 
ligible.  Thus,  in  the  more  recent  experiments  several 
neutral  density  filters  were  used  so  that  the  shutter 
could  be  opened  longer  than  5  s  without  saturating 
the  CCD  camera.  This  was  not  done  for  the  axial 
shock-layer  emission  surveys,  which  may  help  explain 
the  large  scatter  in  Te  values  near  the  shock  front  for 
those  experiments.14 

2.5  Summary  of  Emission  Measurements 

Results  of  the  analysis  of  emission  signals  acquired  in 
the  electrode  package  region  indicate  that  the  gas  is 
probably  optically  thick  and  that  radiative  transport 
must  be  taken  into  account.  However,  by  assuming 
that  the  flow  property  and  species  distributions  are 
uniform  across  the  line-of-sight,  a  correction  for  self¬ 
absorption  was  developed  and  the  Te  values  derived 
from  0  and  N  emission  exhibited  good  agreement. 

Line-of-sight  integrated  values  of  Tr ,  Tv ,  and  Te  were 
obtained  within  the  shock  layer  formed  over  a  blunt- 
body  placed  in  the  stream.  Profiles  were  obtained  in 
the  axial  direction,  normal  to  the  blunt-body  surface 
for  two  different  operating  conditions  and  in  the  ra¬ 
dial,  or  spanwise,  direction  for  the  low  pressure  condi¬ 
tion.  Simplified  interpretations  of  the  emission  spec¬ 
tra  based  on  the  assumption  that  the  intensity  gra¬ 
dients  are  negligible  along  the  line-of-sight  appear  to 
be  in  error.  Results  from  the  radial  survey  at  a  single 
axial  location  within  the  shock  layer  indicate  a  large 
region  of  thermal  equilibrium  when  the  temperatures 
are  derived  from  Abel-inverted  intensities.  This  shock- 
layer  result  was  obtained  at  relatively  low  stagnation 
pressure  with  a  15.24  cm  diameter  flat-faced  cylinder. 
A  similar  radial  survey  conducted  with  the  test  arti¬ 
cle  out  of  the  stream  indicated  that  the  NO  7  band 
emission  is  relatively  uniform  over  a  large  spanwise 
distance.  Thus,  the  rotational  temperatures  derived 
from  the  FWHM  of  NO-7  bands  can  be  considered  to 
be  representative  of  the  stream. 

An  additional  observation  from  this  work  is  that  a  ray- 
trace  analysis  of  the  light  collection  system  is  required 
to  understand  additional  degradation  of  spatial  reso¬ 
lution  that  may  result  from  setting  the  system  f/#  too 
low.  This  type  of  analysis  can  also  be  used  to  guide 
the  alignment  the  system  to  optimize  the  distribution 
of  object  area  dimensions  about  the  target  focal  lo¬ 
cation,  and  thereby  minimize  off-axis  contributions  to 
the  light  collection.  Finally,  knowledge  of  the  light  col¬ 
lection  volume  defined  by  the  ray  tracing  is  required  in 
order  to  reliably  compare  measured  emission  spectra 
with  calculations. 

Further  work  will  include  completing  the  analysis  of 
the  Abel-inverted  emission  results  to  assess  chemical 
equilibrium  within  the  shock  layer.  This  analysis  is 
important  for  determining  the  state  of  the  shock-layer 
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flow  and  may  help  improve  current  analytical  meth¬ 
ods  used  to  relate  the  arcjet  test  conditions  to  flight 
environments. 

3.0  LIF  Measurements  in  Large-Scale  Arcjet 
Facilities 

Introduction  -  The  discussion  of  flow  properties  de¬ 
rived  from  emission  measurements  in  large-scale  arcjet 
facilities  mentioned  two  drawbacks  to  emission-based 
property  measurements:  the  quantity  of  measurements 
required  to  obtain  spatially  resolved  emission  intensi¬ 
ties,  and  the  required  assumption  that  the  thermo¬ 
dynamic  behavior  of  the  sparsely  populated  excited 
electronic  states  is  representative  of  the  ground  states. 
Concerns  about  these  issues  have  motivated  investiga¬ 
tions  of  laser-spectroscopic  techniques,  such  as  laser- 
induced  fluorescence  (LIF).  Laser-induced  fluorescence 
techniques  offer  an  attractive  alternative  to  emission- 
based  measurements,  because  of  their  ability  to  probe 
ground  state  populations  with  high  spatial  resolution. 
Following  a  brief  introduction  to  the  basic  principles 
of  LIF  measurements,  recent  results  from  applications 
of  LIF  to  large-scale  arcjet  facilities  are  presented  and 
discussed. 


Single-Photon  LIF 
of  Molecular  Species 


Fig.  30  Single-photon  LIF  process  for  a  molecular 
species. 

3.1  Laser-Induced  Fluorescence 

The  LIF  process  involves  two  steps,  absorption  and  flu¬ 
orescence.  Provided  that  the  allowed  absorption  tran¬ 
sitions  for  a  particular  species  are  optically  accessible, 
then  LIF  can  be  used  to  probe  ground  state  popula¬ 
tions.  This  is  important  for  arcjet  flow  applications  be¬ 
cause  the  ground  electronic  states  of  the  major  species 
are  the  most  heavily  populated.  A  simplified  diagram¬ 
matic  rendering  of  LIF  is  shown  in  Fig.  30  for  a  di¬ 
atomic  molecule.  At  the  right  of  the  figure,  two  bound 
electronic  states  with  vibrational  energy  levels  are  in¬ 
dicated  by  the  potential  curves.  The  LIF  process  is  in¬ 
dicated  by  the  vertical  arrows  with  the  upward  arrow 
representing  absorption  of  a  photon  from  the  laser  and 
the  downward  arrow  representing  fluorescence,  which 
is  accompanied  by  the  emission  of  a  photon.  Other 


depopulating  mechanisms,  such  as  quenching  and  pre¬ 
dissociation,  can  also  operate  on  the  upper  state  pop¬ 
ulation. 

A  generic  experimental  configuration  is  shown  at  the 
left  of  Fig.  30  to  illustrate  the  spatially  resolved  na¬ 
ture  of  the  LIF  measurements.  Unlike  absorption  and 
emission  diagnostics,  LIF  provides  localized  measure¬ 
ments,  since  only  the  volume  defined  by  the  intersec¬ 
tion  of  the  image  of  the  detection  aperture  and  the 
laser  beam  produces  the  recorded  signal.  Flow  axi- 
symmetry  is  therefore  not  required  for  making  spa¬ 
tially  resolved  LIF  measurements.  Before  discussing 
how  specific  flow  properties  are  measured,  some  back¬ 
ground  information  about  the  LIF  process  is  required. 

Single-Photon  LIF  Rate  Equations  -  The  first 
step  of  the  LIF  process  involves  the  absorption  of  a 
photon.  Absorption  is  described  by  Beer’s  law,6  which 
states  that  the  change  in  intensity  of  light  at  a  certain 
frequency  through  an  optically  thin  absorbing  medium 


which  can  be  integrated  directly  and  rearranged  to 
yield 

Iw  =  I0„e~a“*  .  (28) 

Species  and  thermodynamic  information  is  contained 
in  the  absorption  coefficient  au ,  which  can  also  be  ex¬ 
pressed  in  terms  of  an  absorption  cross  section6 

au  =  n  f(T)  <ri20(w)  •  (29) 


In  the  above  expression,  we  have  introduced  the  spec¬ 
trally  integrated  cross  section  <ri2,  a  line  shape  func¬ 
tion  <j>{w),  and  shorthand  notation  for  the  Boltzmann 
population  fraction  /(T). 


f(T)  = 


Tii  g%z 


- Ei/kT 


Q 


which  was  discussed  extensively  in  the  description  of 
emission  measurements. 


A  model  of  the  LIF  process  is  required  to  determine 
gasdynamic  quantities  from  measured  fluorescence  sig¬ 
nals.  This  model  can  be  derived  by  solving  the  equa¬ 
tions  that  govern  the  populations  of  the  energy  levels 
involved  in  the  LIF  process.  For  a  simple  system  con¬ 
sisting  of  only  two,  nondegenerate  energy  levels,  the 
appropriate  rate  equations  are37 


— ~~  —  —bi2ni  +  (&21  +  ^21  +  Q2\)n2  (30) 

at 

for  the  lower  level  population  and 

— -H.  —  —  (62i  +  A2i  +  Q2  l)n2  (31) 

at 

for  the  upper  level.  In  the  above  equations,  n  1  and 
n2  are  the  number  densities  of  the  two  levels,  which 
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are  related  through  the  total  population  in  the  initial 
level  before  the  laser  is  switched  on,  nj  =  m  +  n2;  612 
and  62i  are  the  stimulated  absorption  and  stimulated 
emission  rates;  A 21  is  the  spontaneous  emission  rate; 
and  Q2i  is  the  collisional  quenching  rate.  Predissocia¬ 
tion  from  the  upper  level  is  assumed  to  be  negligible. 
The  stimulated  absorption  rate  can  be  expressed  as 
the  product  of  the  spectral  absorption  cross  section, 
au,,  and  the  photon  flux,  <F,38 

612  =  0+$  ,  (32) 

where  aw  =  ai2(j)(ui)  and  $  =  I/hui i2. 

By  using  the  total  population  relation  to  eliminate 
rii  from  Eq.  (31)  and  integrating  directly,  the  time- 
dependent  expression  for  the  upper  state  population 
is  obtained, 


Using  the  value  published  by  Eckbreth37  for  A2i  for 
the  (0,0)  band  of  the  NO  7  system,  and  assuming 
that  the  combined  laser  and  transition  line  width  has 
a  FWHM  of  ss  .3  cm-1  at  225  nm,  then  cr^  (0,0)  ss 
5(10)-14  cm2.  The  pumping  rate  for  a  NO  7  (0,0) 
transition  is  then  bi2  ss  5(10)10  sec-1  from  Eq.  (32). 
This  rate  dominates  all  others  in  the  total  rate  expres¬ 
sion,  r  =  (bi2  +  b2i  +A2i  +Q 21),  used  in  this  two  level 
analysis.  For  a  typical  gate  integration  time  on  the 
order  of  100  ns, 

(e~rTr  ~  1)  «  rrp  , 

and  the  following  simplified  result  is  obtained, 


n2  = 


(l-e~rt) 


(33) 


With  this  result,  the  expression  for  the  temporally  in¬ 
tegrated  energy  incident  on  a  photodetector  becomes 


where  r  —  (612  +  621  +  A2\  +  Q 2i)  is  the  sum  of  all  the 
rates.  The  measured  LIF  signal  depends  on  the  up¬ 
per  state  population,  and  can  be  expressed  in  general 
terms  as 

S{t)  =  huj2ln2{t)A2x^-Vc  ,  (34) 


Q 

hu2iA2i  —  Vcn1  tp 


+  2 


(612  +  621  +  d.2i  +  Q2 1 


By  rewriting  the  total  rate  expression  as 


where  is  the  solid  angle  of  the  collection  system  that 
is  used  to  observe  the  probe  volume,  Vc,  which  is  de¬ 
fined  by  the  collection  optics  (often  it  is  the  product 
of  the  beam  area,  Ap,  times  observed  length,  L). 

A  pulsed  laser  system  is  often  employed  in  arcjet  diag¬ 
nostic  applications,  and  the  detection  electronics  inte¬ 
grate  the  LIF  signal  over  the  laser  pulse  duration, rp. 
The  only  time-dependent  term  in  the  expression  above 
is  the  upper  state  population,  so  the  integral  involves 


b\2  +  b2i+  A2\+Q2\  —  (612+621)  (\  +  -1  —  Q~\ 

V  (012  +  621) 

and  by  replacing  the  stimulated  absorption  and  emis¬ 
sion  rates  with  their  definitions,  (be.,  612  =  B“2Iw/c), 
the  temporally  integrated  signal  can  be  expressed  as, 


a 


S  =  hu!2iA2i  —  Vcn°1Tj 

4tt 


Bt 


1 


B12  +  B“  1  +  L*l 


[TP  n2(t)dt  =  b-^l  fP  (1  _  e-rt)  dt 
Jo  r  Jo 

The  resulting  expression, 


can  be  simplified  by  considering  the  magnitudes  of  the 
rates  and  the  temporal  interval.  For  a  pulsed,  UV 
laser  system  operating  near  225  nm,  with  0.1  mJ  pulse 
energy,  a  1  mm  beam  diameter  at  the  probe  volume 
and  a  10  ns  temporal  pulse  length,  the  pulse  intensity 
is  ss  106  W/cm2.  For  225  nm  wavelength  photons,  the 
photon  flux  $  for  this  intensity  is  1024  cm-2  sec-1. 
The  absorption  cross  section  can  be  derived  from  the 
Einstein  A  coefficient  for  spontaneous  emission38 


where /sat  =  {A2i+Q2i)c/(B“2+B%1)  is  the  saturation 
intensity37  and  Sf2,  B21  are  the  Einstein  coefficients 
for  stimulated  absorption  and  emission.  For  modest 
laser  intensities,  Iu  «  Isat ,  and  the  expression  for  the 
energy  incident  on  the  photodetector  simplifies  further 
to 


5=  —  Vc 


^  T/  A21  s  B^2 


Finally,  if  the  spectral  intensity  of  the  pump  laser  is 
defined  such  that  Iu  =  I<fi(ui)  =  <j>(w)  f  I{t)clt/rp  = 
<f>(u>)Ep/ Ap,  where  Ep  is  the  pulse  energy,  then  the 
detected  signal  can  be  written  as, 


Q 

S  =  —  Vc 


Ev 


47r  A2i  +  Q  21  A, 


^i2^(w)/i(T)n 


(33) 


92  * c  ,  1  /  \ 

- 2  A2\<p\u>) 

9 1  “n 


where  the  substitution,  nj  =  fi(T)n,  for  the  popula¬ 
tion  of  the  initial  level  has  also  been  made. 
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In  Eq.  (33),  the  dependence  of  the  LIF  signal  on  ther¬ 
modynamic  parameters  is  manifested  in  several  terms. 
The  initial  population  in  the  pumped  level  depends 
on  species  density,  n,  and  on  temperature  through 
the  Boltzmann  population  fraction,  while  the 

collisional  quenching  rate,  Q21,  depends  on  the  pres¬ 
sure,  temperature,  and  collision  partner.  Except  in 
rare  cases,  such  as  for  highly  predissociated  species 
or  extremely  broad  laser  band  widths,  the  absorption 
line  shape  function,  </>(w),  also  depends  on  temperature 
and  pressure  through  the  mechanisms  of  Doppler  and 
collisional  shift  and  broadening,  which  are  discussed 
below  for  two-photon  LIF  measurements. 

3.2  Single-Photon  LIF  of  Cu  and  NO 

Demonstrations  of  single  photon  LIF  measurements 
in  arcjet  facilities  using  Cu  as  the  target  species  have 
been  reported  at  NASA  Johnson  Space  Center39’40 
(JSC)  for  pointwise  configurations  and  at  ISAS,41  in 
Japan,  for  a  planar  laser  sheet  configuration.  In  the 
JSC  arcjet  experiments,  the  measured  LIF  signals  were 
analyzed  to  determine  velocity  and  translational  tem¬ 
perature  from  the  Doppler  shift  and  Doppler  broaden¬ 
ing  of  the  excitation  profile  at  a  single  location  in  the 
arcjet  stream.40  The  planar  measurements  using  Cu- 
LIF  at  ISAS  were  used  to  determine  a  two-dimensional 
map  of  the  flow  velocity. 

Copper  is  present  in  most  arcjet  flows  as  a  result  of 
arc-induced  erosion  of  the  copper  electrodes,  but  it  is 
usually  (hopefully)  a  minor  species.  The  two  appli¬ 
cations  of  Cu-LIF  above  indicate  the  ubiquitous  na¬ 
ture  of  copper  in  arcjet  flows,  since  the  JSC  facil¬ 
ity  is  a  constricted-arc  heater  and  the  ISAS  facility 
used  a  Huels-type  heater.  Estimates  of  copper  load¬ 
ing  on  the  order  of  100  to  1000  ppm  in  the  test  gas 
flow  have  been  derived  from  mass  loss  analyses  of  elec¬ 
trodes  (see  Ref.  41,  for  example)  Unfortunately,  the 
copper  erosion  process  is  difficult  to  characterize  be¬ 
cause  electrode  erosion  is  inherently  unpredictable.  It 
is  likely  that  copper  is  introduced  into  the  flow  in  mul¬ 
tiple  phases  owing  to  liquefaction  of  the  electrode  sur¬ 
face  from  the  intense  heating  at  the  arc  attachment 
point.  This  raises  questions  about  both  the  spatial 
and  temporal  uniformity  of  the  copper  distribution  in 
the  stream  and  its  fidelity  as  a  tracer  atom  for  velocity 
measurements. 

Nitric  oxide  has  also  been  used  as  a  fluorescing  species 
in  arcjet  streams  by  the  same  researchers39,42 ,  as  well 
as  the  research  group  at  IRS,43  in  Germany.  No  quan¬ 
titative  measurements  of  flow  properties  from  NO- 
LIF  were  reported  from  the  JSC  group,  but  the  other 
groups  used  NO-LIF  to  derive  temperature  and  species 
information.  The  enthalpies  determined  from  energy 
balance  methods  were  typically  <  10  MJ/kg  for  the 
JSC  and  ISAS  investigations. 


For  air  flows,  NO  is  also  a  minor  species,  and  depend¬ 
ing  on  the  stagnation  enthalpy,  pressure,  and  expan¬ 
sion  process,  concentrations  in  the  free  stream  vary 
widely.  Results  of  an  investigation  of  NO  LIF  in 
the  Ames  AHF  Arcjet  Facility  illustrate  this  point. 
Based  on  earlier  free-stream  emission  measurements  in 
the  same  facility,  instrumentation  was  implemented  to 
probe  NO  in  the  free  stream  flow44  using  LIF  to  con¬ 
firm  the  implied  NO  (AT)  populations  that  were  pre¬ 
dicted  by  a  computational  flow  simulation.2'  Despite 
the  sensitivity  of  LIF  for  NO  (X)  population  measure¬ 
ments  using  ro- vibrational  transitions  of  the  7  system, 
no  detectable  signal  was  found  from  the  flow  center- 
line.  An  assessment  of  the  [NO]  detectivity  of  the  LIF 
instrumentation  that  was  used  in  the  investigation44 
indicated  that  the  NO  (X)  population  was  <  1013 
cm-3.  The  absence  of  a  measurable  NO  (X)  popu¬ 
lation  is  not  surprising,  since  the  enthalpy  levels  in 
this  facility  are  typically  >  10  MJ/kg.  Given  that  the 
free  stream  flow  is  not  in  thermochemical  equilibrium, 
the  discrepancy  between  observed  NO  (A)  state  emis¬ 
sion  and  absence  of  NO  (X)  state  absorption  is  also 
not  surprising.  It  is  possible  that  the  ground  state 
NO  population  is  due  entirely  to  radiative  transitions, 
and  therefore  may  only  be  on  the  order  of  the  (A) 
state  population.  Alternative  mechanisms  for  produc¬ 
ing  NO  (7)  and  (J)  band  emission  in  the  free  stream 
are  being  investigated. 

3.3  Two-Photon  LIF  of  O  and  N 

Introduction  -  Although  the  single-photon  LIF  mea¬ 
surements  discussed  above  have  yielded  useful  infor¬ 
mation  about  arcjet  flows,  the  two  target  species  most 
commonly  used,  NO  and  Cu,  are  minor  flow  con¬ 
stituents.  As  such,  it  is  impossible  to  characterize 
the  arcjet  test  stream  from  NO  or  Cu  measurements 
alone.  More  useful  information  would  be  obtained 
from  LIF  measurements  of  the  major  species,  which 
include  atomic  oxygen,  atomic  nitrogen,  di-nitrogen, 
and  argon  for  air  flows.  For  example,  it  is  important 
to  know  the  degree  of  dissociation  in  nonequilibrium 
arcjet  flows,  because  considerable  energy  can  reside  in 
oxygen  and  nitrogen  chemistry.  If  the  mass  flows  of 
the  facility  gases  are  known  at  any  point,  and  atomic 
species  concentrations  are  measured  in  the  free  stream, 
then  the  degree  of  dissociation  and  chemical  energy 
level  can  be  determined.  Unfortunately,  single-photon 
transitions  for  N  and  O  require  an  excitation  source 
at  VUV  wavelengths,  which  is  difficult  to  implement 
in  large-scale  facilities.  LIF  excitation  of  O  and  N  is 
still  feasible,  however,  if  two  UV  photons  are  used  to 
provide  the  transition  energy.45 

Two-photon  LIF  measurements  in  large-scale  arcjet  fa¬ 
cilities  were  demonstrated  by  Bamford  and  his  cowork¬ 
ers  in  a  series  of  pathfinding  investigations  conducted 
in  the  Ames  AHF  Arcjet  Facility.46,47  The  two-photon 
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LIF  of  N  technique  has  been  developed  further  to  ob¬ 
tain  more  information  from  the  flow.48'49  Results  from 
these  more  recent  investigations  are  discussed  below. 

A  schematic  representation  of  two-photon  LIF  is  given 
in  Fig.  31,  where  the  excitation  process  is  indicated  by 
the  vertical  arrows  and  a  single  radiative  transition 
from  the  upper  level  is  shown  for  both  0  and  N.  Note 
that  the  experimental  configuration  is  no  different 
from  that  of  single-photon  LIF;  both  single-  and  two- 
photon  strategies  provide  spatially-resolved,  species- 
selective  information.  As  was  the  case  for  quantita¬ 
tive,  single-photon  LIF  measurements,  a  mathemati¬ 
cal  model  of  the  two-photon  LIF  process  for  the  target 
species  is  required  to  derive  gasdynamic  flow  proper¬ 
ties  from  the  measured  signals. 
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Fig.  31.  Two-photon  LIF  technique  and  energy  levels 
for  O  and  N  that  are  used  in  this  work. 


A  complete  derivation  of  the  expression  for  the  mea¬ 
sured  fluorescence  signal  resulting  from  two-photon 
excitation  of  atomic  oxygen  is  given  by  Bamford  et 
al.50  The  two-photon  nature  of  the  excitation  process 
is  manifested  primarily  in  the  stimulated  absorption 
rate, 

^  =  42)*2  , 

which  now  depends  on  the  square  of  the  photon  flux 

<F.  In  the  above  expression  the  two-photon  excitation 
(2) 

cross  section,  cr£,  ,  is  related  to  the  spectrally  inte¬ 
grated  cross  section,  <r[V ,  by 


°i2)  =  , 

where  G (21  is  the  second-order  coherence  factor  that 
contains  the  effects  of  unresolved,  ultrafast  fluctua¬ 
tions  of  the  laser  excitation  pulse  on  the  temporally 
integrated  signals.51 

Using  the  same  UV  laser  parameters  specified  in  the 
discussion  of  rate  magnitudes  for  single-photon  LIF 
above,  the  stimulated  absorption  rate  can  be  estimated 
for  two-photon  LIF.  For  the  J  =  2  level  of  atomic 
oxygen,  the  spectral  two-photon  excitation  cross  sec¬ 
tion  for  line  center  excitation50  is  <r£2)  =  4.8(10)-46 
cm4  sec.  As  before  the  photon  flux  is  <F  «  1024  cm-2 


sec  1 ,  and  the  stimulated  absorption  rate  is  therefore 
b\2  &  630  sec-1.  This  is  roughly  eight  orders  of  mag¬ 
nitude  lower  than  the  stimulated  absorption  rate  for 
single-photon  excitation  of  NO,  and  this  rate  magni¬ 
tude  disparity  illustrates  why  two-photon  LIF  strate¬ 
gies  are  used  only  when  absolutely  necessary. 

Since  the  process  of  deriving  the  two-photon  LIF  sig¬ 
nal  expression  is  similar  to  that  followed  above  for  the 
single-photon  case,  only  the  result  is  given  here.  The 
expression  for  the  temporally  integrated  two-photon 
LIF  signal  is 


„  Q 
S=^VC- 
4t r  A 2i 


A21  f  F2(t)dt 
+  Q21  A2(Tiu>)2 


G(2)<r£2)/1(T)n 


(39) 

where  f  F~(t)dt  represents  the  integral  of  the  square 
of  the  laser  temporal  profile,  and  the  initial  population 
term  fi(T)n  accounts  for  fine  level  population  distri¬ 
butions. 


Flow  properties  derived  from  LIF  signal  measurements 
are  usually  obtained  by  comparing,  and  thereby  cali¬ 
brating,  the  flow  signals  with  simultaneously  measured 
LIF  signals  from  a  reference  cell  at  known  thermody¬ 
namic  conditions.4'-49  For  the  experiments  described 
below,  the  reference  cell  is  a  flow  reactor  that  uses 
a  microwave  discharge  to  dissociate  a  fraction  of  the 
molecular  gas  stream  at  a  known  pressure  and  tem¬ 
perature.  The  beam  propagation  path  is  oriented  per¬ 
pendicular  to  the  velocity  vector  so  that  the  transition 
line  center  seen  by  the  reference  cell  detector  is  not 
Doppler-shifted.  Signals  are  acquired  from  the  flow 
and  the  reference  cell  simultaneously  by  scanning  the 
laser  through  the  transition  and  recording  the  mea¬ 
sured  fluorescence  as  a  function  of  the  scan  wavelength. 

Following  a  brief  description  of  the  optical  configura¬ 
tion  for  the  experiments,  discussions  of  specific  meth¬ 
ods  for  measuring  velocity,  translational  temperature, 
and  species  density  using  two-photon  LIF  of  atomic 
nitrogen  are  given.  Results  of  flow  property  measure¬ 
ments,  along  with  estimated  experimental  uncertain¬ 
ties  are  then  presented  for  two  separate  arcjet  experi¬ 
ments;  one  with  N2/Ar  flow  and  the  other  with  air/Ar 
flow.  For  each  test  series,  further  data  analysis  is 
performed  to  characterize  the  flow  of  the  free  stream 
based  on  the  LIF  measurements.  Although  LIF  mea¬ 
surements  have  been  made  in  the  shock  layer,44  the 
discussion  below  will  be  restricted  to  free  stream  mea¬ 
surements.  Finally,  findings  from  the  stream  charac¬ 
terization  experiments  are  summarized. 

3.3.1  Experimental  Configuration  for  Free 
Stream  LIF 

Although  Fig.  31  depicts  the  elemental  components 
required  for  making  LIF  measurements,  the  actual  in¬ 
stallation  is  more  complex.  The  optical  configuration 
for  the  two-photon  LIF  experiments  in  the  Ames  AIIF 
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Arcjet  Facility  is  shown  in  Fig.  32.  During  the  arcjet 
experiments,  a  frequency-doubled,  Nd:YAG-pumped 
dye  laser  is  scanned  through  the  absorption  transition 
(near  211  nm  for  N  or  226  nm  for  0)  and  the  resulting 
fluorescence  signal  is  recorded  as  a  function  of  wave¬ 
length,  once  the  appropriate  test  conditions  have  been 
attained.  Approximately  3  minutes  are  required  to 
scan  a  single  transition,  so  the  measurements  represent 
time-averaged  quantities  obtained  during  steady  oper¬ 
ation  of  the  continuously  running  arcjet.  For  the  arcjet 
optical  path,  the  beam  is  delivered  to  the  test  cabin 
through  a  series  of  fused  silica  prisms  and  a  Galilean 
telescope.  The  beam  is  then  transmitted  through  a 
fused  silica  window  onto  a  two-mirror  positioner  that 
orients  the  beam  probe  volume  at  an  angle  relative  to 
the  main  flow  axis.  A  PMT  with  a  fast  preamplifier  de¬ 
tects  the  LIF  signals  through  a  side  window  with  f/18 
optics  and  a  narrow  bandpass  filter  to  reduce  back¬ 
ground  light.  For  these  experiments,  LIF  measure¬ 
ments  were  made  «  15  cm  downstream  of  the  nozzle 
exit,  and  owing  to  the  1/6  magnification  of  the  col¬ 
lection  optics,  the  3  mm  aperture  restricts  the  viewed 
length  of  the  laser  beam  to  18  mm  about  the  central 
streamline.  Typically,  the  beam  diameter  is  1  -  2  mm 
and  only  about  150  /iJ  of  laser  pulse  energy  is  delivered 
to  the  measurement  location. 


Fig.  32.  Optical  configuration  for  the  arcjet  two- 
photon  LIF  experiments. 

Two  other  beam  paths  are  shown  on  Fig.  32.  The  first 
path  shows  a  small  portion  of  the  beam  being  used  to 
excite  single-photon  LIF  in  a  room  temperature,  low 
pressure  isotopic  nitric  oxide,  N150,  cell.  Nitric  oxide 
is  a  useful  wavelength  reference  molecule  in  the  ultra¬ 
violet,  and  the  isotopic  form  is  used  in  this  application 
to  obtain  a  closer  spectral  overlap  between  the  N150 
and  atomic  transitions.44  The  second  additional  beam 
path  in  Fig.  32  is  directed  to  the  flow  reactor,  which  is 
used  as  a  temperature  and  velocity  measurement  ref¬ 
erence,  as  described  above.  Fluorescence  signals  from 
the  cell  and  reactor  are  also  detected  with  PMTs.  Sig¬ 
nals  from  the  laser  pulse  energy  meter  and  all  PMTs 
are  processed  by  a  computer-controlled  preamplifier 


and  boxcar  unit.  Further  details  on  the  instrumenta¬ 
tion  can  be  found  in  Ref.  48. 


3.3.2  Flow  Properties  from  Two-Photon  LIF 

Example  two-photon  LIF  signals  from  atomic  nitrogen 
obtained  from  the  arcjet  flow  and  from  the  low  pres¬ 
sure  flow  reactor  are  shown  in  Fig.  33.  The  fluores¬ 
cence  signals,  which  arise  from  pumping  the  J=  7/2, 
3p4D°  <-2p4S°  transition  of  N,  are  shown  as  a  function 
of  the  dye  laser  fundamental  wavelength.  The  broader, 
noisier  LIF  signal  was  obtained  from  the  arcjet  flow 
and  the  narrower  signal  was  detected  in  the  flow  reac¬ 
tor.  Both  LIF  signals  were  five-pulse  averaged  by  the 
data  acquisition  system.  A  nonlinear,  least-squares 
fit  to  the  data  using  a  model  of  the  two-photon  ab¬ 
sorption  line  shape  is  also  shown  for  both  the  reactor 
and  flow  signals.  The  flow  reactor  conditions  given  on 
the  figure  were  measured  with  a  pressure  transducer 
and  thermometer  at  the  reactor,  while  the  arcjet  flow 
conditions  were  determined  from  the  spectra  using  an¬ 
alytical  methods  that  are  described  below. 


the  flow  reactor  and  the  arcjet  free  stream. 


Velocity  -  In  Fig.  33,  the  central  absorption  wave¬ 
length  of  the  transition  for  the  arcjet  flow  is  shifted 
relative  to  the  transition  location  in  the  flow  reactor. 
This  Doppler  shift  is  due  to  the  angular  orientation  of 
the  beam  path  relative  to  the  axial  flow  velocity  of  the 
arcjet  centerline.  Provided  that  there  is  no  collision- 
induced  shift  and  the  beam  angle  relative  to  the  veloc¬ 
ity  vector  is  known,  the  gas  velocity  can  be  determined 
from  the  wavelength  shift  of  the  absorption  line  center 
using  the  following  relation: 


cAA 
A  cos  8 


(35) 


In  the  above  expression,  v  is  the  flow  velocity,  c  is  the 
speed  of  light,  AA  is  the  difference  between  the  arcjet 
flow  transition  wavelength  and  the  unshifted  reference 
wavelength  from  the  flow  reactor,  and  9  is  the  angle 
between  the  light  wave  vector  and  the  velocity  vector. 


Translational  Temperature  -  The  translational 
temperature  can  be  inferred  from  the  Doppler  width  of 
the  excitation  line  profile.  Referring  again  to  Fig.  33, 
the  spectral  width  of  the  transition  measured  in  the  ar¬ 
cjet  flow  is  considerably  broader  than  that  measured 
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ill  the  flow  reactor,  which  indicates  that  the  arcjet  flow 
temperature  is  greater  than  the  reactor  flow  tempera¬ 
ture.  Generally,  multiple  broadening  mechanisms  con¬ 
tribute  to  the  total  spectral  width  of  the  excitation 
line  profile.  For  the  arcjet  and  flow  reactor  test  con¬ 
ditions  however,  the  profile  is  dominated  by  the  com¬ 
bined  effect  of  the  laser  line  width  and  Doppler  broad¬ 
ening.  The  Doppler  broadening  contribution  for  an 
unknown  flow  temperature  can  be  deconvolved  from 
the  total  transition  line  width  by  determining  the  laser 
line  width  from  an  excitation  profile  measured  at  a 
known  temperature.  Once  the  transition  line  widths 
have  been  derived  from  spectral  fits  to  the  line  shapes, 
the  translational  temperature  is  obtained  from  the  fol¬ 
lowing  relation 


T  ■ 


M. 


NC 


8ln(2)kny\i> 


2  ~  (Ai> f,R  ~  AOq  r)]  , 


(36) 

where  Mn  is  the  molecular  weight  of  N,  k  is  Boltz¬ 
mann’s  constant,  ua  is  Avogadro’s  number,  v  is  the 
transition  central  wavenumber  in  cm-1,  the  A ujj  are 
the  relevant  line  width  values  (FWHM),  and  the  sub¬ 
scripts  identify  the  widths  as  either  Flow,  Reactor,  To¬ 
tal,  or  Doppler. 
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Fig.  34.  Measured  transition  spacing,  A,  and  width, 
AA,  in  the  N/N2  flow  reactor  as  a  function  of  the  cell 
pressure.  Note  that  there  is  no  increase  in  either  pa¬ 
rameter  with  increasing  pressure. 


Collisional  Effects  -  Since  velocity  and  translational 
temperature  are  determined  from  spectral  fits  to  the 
measured  two-photon  excitation  line  shape,  the  influ¬ 
ence  of  collisional  effects  was  investigated  by  record¬ 
ing  the  excitation  line  shape  in  the  room  temperature, 
N/No-flow  reactor  at  various  pressures.  The  excita¬ 
tion  line  shapes  were  then  fit  with  the  spectral  model, 
and  the  location  and  width  of  the  N  atom  transition 
were  determined  from  the  fit.  The  transition  loca¬ 
tion  was  measured  relative  to  the  wavelength  of  the 
Pi  (6)  rotational  transition  of  the  N150-/?  (24-0)  vi¬ 
brational  band.  Results  from  these  tests  are  shown 
in  Fig.  34,  where  the  relative  N  atom  transition  lo¬ 
cation,  A  (nm),  and  transition  width,  AA  (nm),  are 
shown  as  function  of  cell  pressure.  Neither  the  loca¬ 
tion  or  the  width  change  significantly  as  the  pressure 
is  varied  from  0.4  to  8  torr  at  room  temperature.  If 


the  dominant  collisional  mechanism  arises  from  disper¬ 
sion  forces,  then  the  collisional  broadening  and  shift 
should  scale  thermodynamically  as  pT~  7 ,52  Thus,  for 
typical  conditions  within  the  arcjet  free  stream  where 
pT~’7  <<  8(293) —  7  (torr/K  7),  collisional  processes 
should  have  negligible  influence  on  the  excitation  line 
shape. 


Species  Concentration  -  The  spectrally  integrated 
LIF  signal  is  proportional  to  the  concentration  of  the 
absorbing  species  in  the  laser  probe  volume.  In  pre¬ 
vious  publications  of  AHF  arcjet  LIF  measurements, 
the  N  atom  concentrations  were  presented  as  relative 
values,  because  there  had  been  no  measurement  of  the 
absolute  two-photon  excitation  cross  section  for  the 
transition.47  In  a  series  of  recent  experiments,  both 
the  excitation  cross  section  for  this  transition,  <7^, 
and  the  second  order  coherence  factor,  G(2),  for  the 
laser  used  in  these  experiments  have  been  measured.  A 
preliminary  value  of  the  spectrally  integrated 
product  for  the  J=  7/2,  3p4D°  4-2p4S°  transition  of 
N  in  the  favorable  detection  orientation  (2.81(10)— 35 
cm4-rad)  is  used  in  this  work  to  convert  relative  N 
atom  concentration  measurements  to  absolute  values. 
The  orientation  of  the  detection  optics  must  be  consid¬ 
ered  because  the  N  atom  fluorescence  is  polarized.53 

Additional  measurements  that  quantify  the  pump  laser 
characteristics,  light  detection  efficiency,  and  upper 
state  lifetime  are  required  to  convert  the  spectrally 
integrated  fluorescence  signals  to  absolute  species  con¬ 
centrations.  The  upper  state  lifetime,  Tobs  is  used  to 
account  for  collisional  quenching  of  the  fluorescence 
signal,  and  it  is  measured  during  the  excitation  scan 
using  a  fast  digital  oscilloscope.  Other  parameters,  in¬ 
cluding  the  laser  pulse  energy  in  the  cabin,  Ep,  its 
spatial  distribution,  Ap,  and  the  laser  pulse  temporal 
profile,  / F2(t)dt,  were  measured  daily.  Finally,  the 
detection  system  calibration  factor,  D ,  was  measured 
in  a  Raman  scattering  experiment  (in  the  manner  de¬ 
scribed  in  Ref.  54)  once  the  flow  measurements  were 
completed.  With  these  additional  measurements,  the 
absolute  N  density  can  be  obtained  by  rearranging  the 
rate  equation  solution  for  two-photon  excitation  given 
in  Eq.  (34)  above, 


nN  = 


4?r  rrad  AP  ( hv )2  f  SN 

D  robs  f  F*(t)dt  G(2)(J(2)  J  El {UJ]  W’ 


(37) 


where  rrad  is  the  radiative  lifetime  (43  ±3  ns)55  of  the 
transition,  and  Sn  is  the  LIF  signal  in  V. 


3.3.3  Two-Photon  LIF  Measurements  in 
N2/ Argon  Flows 

Test  Conditions  -  Two-photon,  N  atom  LIF  mea¬ 
surements  were  conducted  during  three  different  facil¬ 
ity  runs  at  two  different  heater  pressures  for  N2/Ar 
flows.  The  two  different  pressures  were  nominally  2.4 
and  4.8  atm,  and  the  currents  were  varied  from  about 
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1200  A  at  the  lower  pressure  to  about  2200  A  at  the 
higher  pressure.  An  attempt  was  made  to  acquire  mea¬ 
surements  at  four  different  arc  current  values  during  a 
single  facility  run  at  each  of  the  two  heater  pressures. 
However,  at  the  lower  pressure  two  separate  runs  were 
required  to  obtain  the  measurements  owing  to  opera¬ 
tional  instability  of  the  steam  vacuum  system  during 
extremely  hot  weather.  Geometrically,  the  arcjet  was 
configured  with  a  6  cm  diameter  heater,  a  3.8  cm  diam¬ 
eter  throat,  and  a  30.5  cm  nozzle  exit  diameter,  which 
gave  an  area  expansion  ratio  of  64.  Facility  operat¬ 
ing  conditions  for  these  tests  are  summarized  in  Table 
II,  and  the  uncertainty  in  the  parameters  is  currently 
estimated  to  be  «  5%  of  the  listed  value. 


Table  II.  Arcjet  test  conditions  for  LIF  experiments 
in  N2/A1'  flow. 


Arcjet  Run  Conditions 

Run 

Pressure 

Current 

Voltage 

atm 

A 

V 

21 

2.44 

1165 

3732 

2.50 

1388 

3565 

22 

2.35 

1563 

3263 

2.39 

1771 

3165 

23 

4.78 

1556 

5626 

4.86 

1782 

5408 

4.73 

1964 

4981 

4.80 

2197 

4826 

For  each  measurement,  the  arc  current  was  adjusted 
and  a  scan  was  taken  when  the  facility  condition  sta¬ 
bilized.  Once  the  spectral  scan  was  acquired  for  a  cur¬ 
rent  setting,  the  next  condition  was  set.  Flow  property 
measurements  from  these  tests  are  presented  below  as 
functions  of  the  arcjet  control  variables,  pressure  and 
arc  current.  Uncertainty  estimates  for  each  flow  prop¬ 
erty  measurement  were  obtained  using  the  approach 
outlined  in  the  introduction  along  with  the  expres¬ 
sions  derived  above  that  relate  the  properties  to  the 
measured  signals. 

Velocity  Measurements  -  Velocities  measured  in 
the  free  stream  of  the  arcjet  flow  at  each  operating 
condition  are  shown  in  Fig.  35.  Measured  values  were 
obtained  from  the  excitation  spectra  using  Eq.  (35). 
On  the  figure,  the  velocities  are  shown  as  a  function 
of  the  arc  current,  and  the  circular  symbols  represent 
measurements  at  the  2.4  atm  heater  pressure,  while 
the  diamond  symbols  represent  4.8  atm  pressure  val¬ 
ues.  The  measured  velocities  range  from  about  3.8  to 
4.8  km/s,  and  two  interesting  trends  are  apparent  in 
the  data.  First,  for  a  given  heater  pressure,  there  does 
not  appear  to  be  a  significant  increase  in  the  stream 
velocity  as  the  arc  current  is  increased.  Second,  when 
pressure  is  increased,  flow  velocity  appears  to  increase. 
Currently,  the  estimated  uncertainty  in  the  velocities 
is  about  6%  of  the  measured  value,  owing  mainly  to 
the  uncertainty  in  determining  the  difference  between 


the  Doppler-shifted  and  unshifted  wavelengths  from 
the  spectral  fits  to  the  data. 


Fig.  35.  Arcjet  free  stream  velocities  as  a  function  of 
arc  current  at  two  different  heater  pressures. 

Translational  Temperature  Measurements  - 

Translational  temperatures  obtained  from  the  mea¬ 
sured  spectral  width  of  the  two-photon  transition  of 
N  are  presented  in  Fig.  36.  The  measured  values  were 
derived  using  Eq.  (36),  and  are  shown  as  a  function 
of  the  arc  current  for  the  two  different  heater  pres¬ 
sures.  As  before,  the  circles  denote  the  2.4  atm  val¬ 
ues  and  the  diamonds  represent  the  4.8  atm  measure¬ 
ments.  Measured  translational  temperatures  range 
from  about  800  to  1800  K.  Given  the  estimated  un¬ 
certainty  level,  which  is  25%  of  the  measured  value,  it 
is  difficult  to  distinguish  trends  for  temperature  as  a 
function  of  arc  current.  Generally,  the  temperatures  at 
the  higher  pressure  are  greater  than  those  at  the  lower 
pressure,  which  would  be  consistent  with  the  greater 
sound  speed  indicated  by  the  velocity  measurements 
(assuming  the  local  Mach  number  does  not  change 
significantly  with  pressure).  The  ability  to  accurately 
determine  the  spectral  widths  of  somewhat  noisy  LIF 
signals  is  again  the  leading  contribution  to  the  uncer¬ 
tainty. 


Fig.  36.  Measured  translational  temperatures  in  the 
arcjet  free  stream  as  a  function  of  arc  current. 
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Table  III.  Beam  and  collection  parameters  for  [N] 
measurements. 


Parameter 

Value 

Units 

G<2>  a™ 

2.8 1  ( 10)— 35 

cm4rad 

D 

1.93(10)-® 

V-cm-sr 

Ap 

.029 

cm2 

fF2m 

1.91(10)® 

s~ 1 

hv 

9.415(10)  — 19 

J 

N  Concentrations  -  Absolute  and  relative  N  atom 
number  density  measurements  are  shown  in  Fig.  37 
for  the  variable  current,  constant  pressure  arcjet  tests. 
The  absolute  [N]  values  (circles  and  diamonds)  are 
shown  as  a  function  of  arc  current,  while  the  relative 
values  (squares  and  triangles)  are  shown  at  currents 
that  are  shifted  by  40  A  for  clarity.  The  measured 
absolute  [N]  values  were  obtained  from  the  spectrally 
integrated,  free-stream  LIF  signals  using  Eq.  (37). 
Values  of  the  laser  pulse  spatial  and  temporal  charac¬ 
teristics,  the  detection  calibration  constant,  and  other 
parameters  used  to  convert  the  integrated  signals  from 
these  measurements  to  absolute  N  concentrations  are 
given  in  Table  III.  Observed  fluorescence  lifetimes  that 
were  recorded  during  the  measurements  at  each  con¬ 
dition  are  given  in  Table  IV.  Measured  values  of  [N] 
range  from  4(10) 15  to  11(10)15  cm-3.  Currently,  the 
uncertainty  in  the  [N]  measurements  is  estimated  to 
be  about  28%.  Nearly  all  of  this  uncertainty  is  intro¬ 
duced  in  the  conversion  of  relative  to  absolute  values, 
with  the  uncertainty  in  G(2M2)  ps  25%  as  the  lead¬ 
ing  contributor.  In  contrast,  the  uncertainty  in  the 
relative  [N]  values  is  only  about  5%  of  the  measured 
value;  therefore,  trends  in  the  measurements  can  be 
inferred  from  the  variation  in  the  relative  values.  For 
both  the  low  pressure  (squares)  and  high  pressure  (tri¬ 
angles)  cases,  there  appears  to  be  a  trend  of  increasing 
[N]  with  arc  current.  At  the  higher  pressure,  for  which 
the  total  mass  flow  has  also  increased,  the  [N]  values 
are  all  consistently  greater  than  the  values  for  the  lower 
pressure  case. 
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Fig.  37.  Absolute  and  relative  [N]  as  a  function  of  arc 
current.  The  relative  values,  denoted  by  the  squares 
and  triangles,  are  shifted  by  40  A  from  the  absolute 
values. 

For  the  two  flow  properties  measured  with  the  low¬ 
est  uncertainty,  v  and  relative  [N],  trends  in  the  data 


may  provide  information  about  the  chemical  freezing 
process  that  occurs  in  the  nozzle.  As  current  is  in¬ 
creased  at  constant  pressure,  [N]  increases  in  the  free 
stream,  which  may  indicate  that  changing  the  arc  cur¬ 
rent  at  these  conditions  does  not  change  the  point  at 
which  [N]  freezes.  Energy  added  to  the  flow  by  in¬ 
creasing  the  discharge  current  increases  N2  dissocia¬ 
tion  rather  than  increasing  the  kinetic  energy  of  the 
stream.  When  pressure  is  increased,  v  increases,  which 
may  indicate  that  the  [N]  freeze  point  in  the  nozzle 
changes  due  to  the  increased  collisional  frequency  at 
the  higher  pressure.  This  change  in  the  chemical  freez¬ 
ing  location  may  provide  more  kinetic  energy  to  the 
flow.  Although  [N]  clearly  increases  with  increasing 
pressure,  some  of  this  increase  can  be  attributed  to 
the  increased  stream  density.  With  additional  infor¬ 
mation  from  facility  instrumentation,  these  LIF-based 
measurements  can  provide  further  information  about 
the  thermochemical  state  of  the  free  stream. 


Table  IV.  Fluorescence  lifetimes,  pitot  pressures,  and 
mass  flow  rates  for  the  arcjet  tests. 


Lifetimes  &  Facility  Measurements 

Run 

Tob$ 

Pp 

rnj' 

mAr 

ns 

torr 

kg/s 

kg/s 

21 

36.2 

40.4 

0.10 

0.03 

33.8 

41.2 

0.10 

0.03 

22 

33.3 

39.7 

0.11 

0.03 

34.7 

40.1 

0.11 

0.03 

23 

33.7 

69.0 

0.19 

0.03 

34.5 

70.0 

0.19 

0.03 

36.3 

68.0 

0.20 

0.03 

37.0 

67.9 

0.20 

0.03 

Stream  Characterization  -  To  calculate  N  mass 
fractions  and  other  flow  properties  from  the  LIF- 
determined  stream  properties  requires  additional  in¬ 
formation  from  facility  measurements  of  mass  flow  and 
pitot  pressure.  These  quantities  are  summarized  in 
Table  IV  for  each  run  and  the  uncertainties  are  cur¬ 
rently  estimated  to  be  between  5  and  10%  of  the  values 
given.  The  total  mass  flow  rate,  mr,  and  the  argon 
mass  flow  rate,  mAr ,  were  determined  from  the  mani¬ 
fold  pressures  based  on  earlier  facility  tests.56  Also,  a 
flat-faced  cylinder  with  a  pressure  tap  was  placed  in 
the  test  stream  to  measure  the  impact,  or  pitot  pres¬ 
sure  behind  the  shock.  By  rearranging  the  supersonic 
Rayleigh  formula  for  pitot  pressure57  and  making  use 
of  the  LIF  measurement  of  velocity,  the  total  stream 
density,  p,  can  be  obtained, 


for 


M  »  1. 


(38) 

Note  that  density  is  only  a  weak  function  of  7,  and  that 
7  only  changes  by  about  30%  going  from  a  molecular  to 
completely  dissociated  gas.  Thus  from  the  measured 
pitot  pressure,  velocity,  and  an  estimate  of  7  («  1.45) 
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the  stream  density  can  be  calculated.  This  allows  a 
determination  of  the  N  mass  fraction,  wn,  from 


wN 


TIjvMn 

pnA 


(39) 


Assuming  that  the  ion  and  excited  electronic  level  pop¬ 
ulations  are  negligible,  the  mass  fractions  of  the  re¬ 
maining  flow  constituents  can  be  determined  from 


WAt  = 


771  Ar 
rriT 


(40) 


and 

Wn2  —  1  —  wAr  ~  WN  ■ 

Using  the  constituent  mass  fractions,  a  closer  estimate 
of  7  can  be  developed  by  iterating  between  Eq.  (38) 
and  the  above  relations,  although  there  is  no  informa¬ 
tion  on  N2  vibration,  as  discussed  below. 


Table  V.  Constituent  specific  heats,  gas  constants 
and  molar  masses  used  in  Eqs.  (39), (41),  and  (42). 


N2/Ar  Flow  Species  Thermodynamic  Properties 

Species 

Cpi 

Ri 

Mi 

MJ/kg-K 

MJ/kg-K 

kg/mol 

Ar 

2.5  RAr 

208 

.040 

N 

2.5J?jv 

594 

.014 

n2 

4.5Rn2 

297 

.028 

0 

2.5  Ro 

519.6 

.016 

Assuming  that  N2  vibration  is  fully  excited,  the  to¬ 
tal  flow  enthalpy  can  then  be  calculated  from  the 
measured  values  of  velocity,  translational  temperature, 
and  the  derived  mass  fractions, 

v2 

hr  =  ^  WjCpiT  +  —  +  wnRniQcIN ,  (41) 

i 

where  cP  is  the  specific  heat  and  QdN  is  the  char¬ 
acteristic  dissociation  temperature  of  N  (113,000  K, 
Ref.  58).  As  will  be  shown  below,  the  contribution 
of  the  thermal  mode,  which  includes  vibrational  en¬ 
ergy,  to  the  total  flow  enthalpy  is  quite  small.  Note 
that  the  free  stream  LIF-based  approach  to  determin¬ 
ing  the  enthalpy  provides  the  apportionment  among 
the  chemical,  thermal,  and  kinetic  modes  directly. 

Using  the  above  relations  and  values  for  the  constants 
that  are  given  in  Table  V,  values  of  the  mass  frac¬ 
tions  and  total  enthalpies  were  determined  for  the  ar- 
cjet  tests.  The  N  mass  fractions  are  shown  in  Fig.  38 
as  a  function  of  arc  current  for  the  tests  at  the  two 
different  heater  pressures.  Now  the  effect  of  the  in¬ 
creased  stream  density  at  the  higher  chamber  pressure 
is  more  apparent,  and  Wn  may  actually  decrease  as 
pressure  is  increased  at  constant  current.  This  would 
support  the  earlier  suggestion  of  increased  N  recom¬ 
bination  arising  from  the  greater  collision  frequency 


at  higher  chamber  pressure.  Note  that  the  degree  of 
N  dissociation,  =  wn/{wn  +  wn2),58  on  the  free 
stream  centerline  is  substantial,  ranging  from  .33  to 
.56  for  these  test  conditions. 


Arc  Current  (A) 

Fig.  38.  Atomic  nitrogen  mass  fraction  as  a  function 
of  arc  current  in  the  arcjet  free  stream. 

The  total  flow  enthalpies  determined  from  the  mea¬ 
sured  flow  properties  using  Eq.  (41)  are  given  in 
Fig.  39.  Values  range  from  16  ±  3  MJ/kg  at  the  low¬ 
est  current  of  the  low  pressure  test  to  28  ±  6  MJ/kg 
at  the  highest  current  of  the  high  pressure  test  case. 
For  both  values  of  the  heater  pressure,  the  total  en¬ 
thalpy  appears  to  increase  with  increasing  arc  current, 
as  expected. 


Arc  Current  (A) 

Fig.  39.  Total  enthalpy  on  the  arcjet  free  stream  cen¬ 
terline  as  a  function  of  the  arc  current. 

The  fractional  contributions  of  the  separate  modes  to 
the  total  enthalpy  are  plotted  in  Fig.  40.  For  these 
test  conditions,  the  dominant  contributions  to  the  to¬ 
tal  enthalpy  come  from  the  N2  dissociation,  or  chem¬ 
ical  mode,  and  the  kinetic  mode.  The  total  thermal 
contribution  to  the  free  stream  flow  enthalpy  is  always 
less  than  10%  .  This  suggests  that  even  a  fully-excited 
N2  vibrational  contribution  (with  Tv  =  2 Ttr)  to  the  to¬ 
tal  enthalpy  would  be  less  than  1%,  so  the  penalty  for 
the  assumption  of  full  excitation  in  the  preceding  anal¬ 
ysis  appears  to  be  small.  This  plot  also  shows  which 
flow  properties  need  to  be  measured  most  accurately, 
v  and  [N],  to  improve  the  precision  of  the  enthalpy 
determination. 
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Fig.  40.  Fractional  distribution  of  the  total  centerline 
enthalpy  as  a  function  of  the  arc  current. 


Additional  properties  that  were  determined  for  the 
tests  are  the  flow  Mach  number,  M  =  v/^/^RT, 
which  ranged  from  4.2  to  6.2,  and  the  static  pressure, 
ps  =  pRT,  which  varied  from  0.9  to  2.8  torr. 


3.3,4  Two-Photon  LIF  Measurements  in 
Air/ Argon  Flows 

Flow  property  and  stream  characterization  measure¬ 
ments  obtained  using  two-photon  LIF  of  N  have  also 
been  performed  for  air/Ar  test  gas  flows  in  the  same 
arcjet  facility.  Results  from  these  experiments  are  dis¬ 
cussed  below. 

Test  Conditions  -  Two  sets  of  LIF  measurements  in 
air/argon  gas  mixtures  were  obtained  for  variable  cur¬ 
rent  settings  at  two  different  nominal  constrictor  pres¬ 
sures,  2.4  and  4.8  atm.  An  additional  set  of  measure¬ 
ments  was  acquired  at  the  lower  pressure.  For  all  three 
runs,  the  geometric  configuration  of  the  arcjet  facility 
was  identical  to  that  mentioned  earlier  for  the  N2/Ar 
tests.  Facility  operating  conditions  for  the  three  tests 
are  summarized  in  Table  VI. 


Table  VI.  Test  conditions  in  the  AHF  Arcjet  for  the 
variable  current,  constant  pressure  LIF  experiments  in 
air/Ar  flows. 


Arcjet  Run  Conditions 

Run 

Pressure 

Current 

Voltage 

atm 

A 

V 

11 

2.44 

1149 

3198 

2.51 

1333 

3115 

2.58 

1556 

3067 

15 

2.43 

1130 

3218 

2.37 

1357 

2991 

2.43 

1545 

2926 

2.46 

1761 

2855 

19 

4.78 

1836 

4454 

4.86 

2016 

4309 

4.80 

2237 

4206 

For  the  results  reported  below,  the  uncertainties  in 
the  measured  flow  properties  are  greater  than  those 
for  the  N2/Ar  flow  results  owing  to  the  reduced  signal 


levels  that  resulted  from  dilution  of  the  N  population 
by  atomic  oxygen. 


Arc  Current  (A) 

Fig.  41.  Arcjet  free  stream  velocities  as  a  function  of 
arc  current  at  two  different  heater  pressures. 

Velocity  Measurements  -  Velocity  measurements 
as  a  function  of  arc  current  are  shown  in  Fig.  41  for 
the  three  runs  at  constant  pressure.  The  lower  pres¬ 
sure  (2.4  atm  nominal)  results  from  two  different  runs 
are  denoted  by  the  open  circles  and  squares,  while  the 
results  from  the  higher  pressure  run  are  represented 
by  the  solid  diamonds.  Uncertainties  for  the  veloc¬ 
ity  measurements  are  about  ±  7%,  and  measurements 
from  the  two  lower  pressure  runs  agree  to  within  this 
amount.  The  lower  pressure  data  appear  to  indicate 
increasing  velocity  with  increasing  current  for  each 
run,  while  the  higher  pressure  measurements  appear 
to  indicate  the  opposite  trend.  This  suggests  that  the 
arc  current  has  little  effect  on  flow  velocity.  However, 
all  of  the  velocities  from  the  higher  pressure  run  are 
greater  than  for  the  lower  pressure  cases.  Both  obser¬ 
vations  are  consistent  with  trends  noted  in  previous 
experiments.48,49 


Fig.  42.  Measured  translational  temperatures  in  the 
arcjet  free  stream  as  a  function  of  arc  current. 

Translational  Temperature  Measurements  - 

Measured  flow  translational  temperatures  that  were 
derived  from  the  N  atom  transition  line  width  are 
shown  in  Fig.  42,  using  the  same  symbol  convention 
to  denote  the  separate  runs.  Owing  to  the  high  un¬ 
certainty,  which  is  30  %  of  the  measured  value,  it  is 
difficult  to  discern  trends  in  translational  temperature 
with  increasing  arc  current,  although  the  mean  value 
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of  measured  translational  temperature  is  higher  for  the 
higher  pressure,  higher  current  conditions  than  for  the 
lower  conditions.  Measured  values  from  the  two  lower 
pressure  tests  generally  agree  to  within  their  estimated 
uncertainty. 

N  Concentration  Measurements  -  In  contrast 
to  the  velocity  and  translational  temperature,  consis¬ 
tent  trends  of  increasing  relative  N  atom  concentra¬ 
tion  with  increasing  arc  current  were  observed  for  both 
lower  pressure  and  higher  pressure  tests,  as  shown  in 
Fig.  43.  Relative  N  concentrations  that  are  normal¬ 
ized  to  the  value  measured  at  the  lowest  current  are 
shown  as  a  function  of  arc  current.  Because  [N]  is 
determined  from  the  spectral  integration  of  the  ab¬ 
sorption  line  shape,  the  lower  N  atom  LIF  signal  for 
air/argon  flows  has  less  of  an  impact  on  the  concen¬ 
tration  measurements.  The  low  pressure  test  results 
show  a  lower  rate  of  increase  in  relative  concentration 
with  increasing  current  than  the  4.8  atm  results.  At 
the  lowest  current  of  the  high  pressure  test  case,  the 
relative  [N]  is  lower  than  that  of  the  highest  current 
of  the  lower  pressure  test.  This  may  be  attributed  to 
increased  recombination  in  the  nozzle  resulting  from 
the  higher  pressure. 


Fig.  43.  Relative  [N]  as  a  function  of  arc  current. 

Absolute  N  concentrations  are  plotted  as  a  function  of 
arc  current  in  Fig.  44  using  symbol  conventions  that 
are  consistent  with  the  preceding  figures.  Upper  state 
observed  lifetime  measurements,  which  are  required  to 
account  for  collisional  quenching  in  calculating  the  [N] 
values,  are  given  in  Table  VII.  For  these  experiments, 
only  a  limited  number  of  lifetime  measurements  were 
made,  so  mean  lifetime  values  were  calculated  for  the 
lower  and  higher  pressure  cases  and  applied  to  all  the 
measurements.  As  noted  in  earlier  work,48  the  ob¬ 
served  lifetimes  indicate  that  collisional  quenching  is 
relatively  weak  at  these  test  conditions.  Uncertainty 
in  the  product  of  the  two-photon  absorption  cross  sec¬ 
tion  and  the  second  order  coherence  factor  for  the  laser 
was  again  the  leading  contributor  to  the  total  uncer¬ 
tainty  in  the  absolute  N  concentration  measurements. 
Currently,  the  uncertainty  in  these  absolute  [N]  mea¬ 
surements  is  estimated  to  be  about  30  %,  which  is  con¬ 
siderably  greater  than  the  uncertainty  in  the  relative 
[N]  values.  Despite  the  relatively  large  uncertainty,  the 


absolute  concentration  values  are  a  critical  component 
of  the  further  analysis  of  the  thermochemical  state  of 
the  flow. 


Arc  Current  (A) 

Fig.  44.  Absolute  [N]  as  a  function  of  arc  current. 

Stream  Characterization  -  With  the  aid  of  certain 
assumptions,  it  is  possible  to  make  an  assessment  of 
the  total  stream  enthalpy  on  the  flow  centerline  using 
the  LIF  measurement  results.  The  approach  is  similar 
to  that  outlined  above  for  N2/Ar  flow  experiments. 
However,  the  expression  for  the  free  stream  enthalpy 
given  by  Eq.  (41)  must  be  modified  to  account  for  the 
presence  of  atomic  oxygen, 

h  =  v2/2  +  WtfR^QdN  +  u>oRo2Qdo  +  WiCpiT. 

(42) 

This  expression  again  represents  the  sum  of  the  con¬ 
tributions  of  the  different  modes;  kinetic,  chemical, 
and  thermal;  to  the  total  enthalpy.  The  characteris¬ 
tic  dissociation  temperature  used  in  the  above  expres¬ 
sion  is  Qdo  =  59,500  from  Ref.  57.  As  with  No/argon 
flows,  the  velocity  and  translational  temperature  are 
obtained  directly  from  the  LIF  measurements,  while 
the  mass  fractions  require  input  from  additional  facil¬ 
ity  measurements.  Values  of  total  mass  flow  and  argon 
mass  flow  that  were  derived  from  manifold  pressures 
for  the  current  tests  are  given  in  Table  VII,  along  with 
pitot  pressure  measurements. 


Table  VII.  Fluorescence  lifetimes,  pitot  pressures, 
and  mass  flow  rates  for  the  air/argon  flow  tests. 


Lifetimes  &  Facility  Measurements 

Run 

1~ob$ 

Pp 

rriT 

mAr 

ns 

torr 

kg/s 

kg/s 

11 

35.0 

40.4 

0.110 

0.030 

35.0 

42.3 

0.110 

0.030 

35.0 

44.1 

0.110 

0.030 

15 

35.0 

42.6 

0.105 

0.030 

35.0 

42.1 

0.105 

0.030 

35.0 

42.5 

0.105 

0.030 

35.0 

42.6 

0.105 

0.030 

19 

33.1 

70.7 

0.200 

0.030 

33.1 

70.1 

0.200 

0.030 

33.1 

69.8 

0.200 

0.030 

The  argon  mass  fraction  values  for  these  tests  were  de¬ 
termined  from  the  ratio  of  measured  argon  mass  flow 
to  the  total  mass  flow.  For  all  of  the  tests  conducted 
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to  date  there  has  been  no  evidence  to  suggest  that  any 
oxygen-bearing  molecular  species  are  present  in  the 
stream.  Therefore,  the  assumption  is  made  that  oxy¬ 
gen  is  completely  dissociated,  wo2  =  0,  which  allows 
the  0  atom  mass  fraction  to  be  determined  from  the 
total  mass  flow, 

wo  =  .21(Mo2/Mair)(l  -  wAr),  (43) 

where  Mi  are  the  species  molar  masses.  A  further 
discussion  of  oxygen  dissociation  is  given  below. 

Atomic  nitrogen  mass  fraction  values  were  determined 
using  the  same  method  presented  above  for  N2/Ar 
flows,  which  involved  determining  the  stream  density 
from  the  pitot  pressure  measurements  using  Eq.  (38) 
and  then  using  the  stream  density  and  [N]  measure¬ 
ments  in  Eq.  (39).  The  N2  mass  fraction  is  then  cal¬ 
culated  from 

wn2  =  1  -  wAr  -  wn  -  w0 . 


Arc  Current  (A) 

Fig.  45.  Nitrogen  atomic  mass  fraction  as  a  function 
of  arc  current  in  the  arcjet  free  stream. 

Atomic  nitrogen  mass  fractions  derived  from  the  ab¬ 
solute  [N]  and  velocity  measurements  are  shown  in 
Fig.  45  for  the  three  air/Ar  runs.  Trends  for  each 
of  the  runs  are  similar  to  those  described  in  the  [N] 
measurements.  However,  the  effect  of  the  increased 
stream  density  at  the  higher  chamber  pressure  is  more 
apparent,  and  wjy  may  actually  decrease  as  pressure  is 
increased  at  (nearly)  constant  current.  This  is  consis¬ 
tent  with  the  idea  of  increased  N  recombination  arising 
from  the  greater  collision  frequency  at  higher  nozzle 
pressure.  Note  that  the  degree  of  N  dissociation,  aw, 
on  the  free  stream  centerline  is  again  substantial,  rang¬ 
ing  from  .26  to  .62  for  these  test  conditions. 

As  with  the  N2/Ar  flow  case,  there  is  no  information 
about  the  vibrational  state  of  N2  in  the  nonequilibrium 
air/Ar  flow.  However,  the  same  assumption  is  made 
here  that  the  N2  vibrational  energy  mode  is  fully  ex¬ 
cited,  which  gives  the  maximum  possible  specific  heat 
forN2. 

Total  centerline  flow  enthalpies  near  the  nozzle  exit 
were  determined  from  the  measured  flow  properties 


using  Eq.  (42)  and  the  constants  given  in  Table  VIH. 
The  results  are  shown  in  Fig.  46.  Values  range  from  16 
MJ/kg  at  the  lowest  current  of  the  low  pressure  test  to 
26  MJ/kg  at  the  highest  current  of  the  high  pressure 
test  case.  As  with  the  N2/Ar  results,  the  total  en¬ 
thalpy  appears  to  increase  with  increasing  arc  current. 
Uncertainties  in  the  total  enthalpies  are  currently  esti¬ 
mated  to  be  about  ±  30  %  of  the  derived  values,  based 
on  the  propagation  of  the  primary  variable  uncertain¬ 
ties  through  Eq.  (42).  Since  the  uncertainty  contribu¬ 
tions  from  the  measured  parameters  are  weighted  by 
their  fractional  contribution  to  the  total  enthalpy,  the 
leading  contributors  to  the  uncertainty  are  the  velocity 
and  absolute  nitrogen  concentration. 


Arc  Current  (A) 

Fig.  46.  Total  enthalpy  on  the  arcjet  free  stream  cen¬ 
terline  as  a  function  of  the  arc  current. 

For  these  air/Ar  flow  test  conditions,  the  dominant 
contributions  to  the  total  enthalpy  come  from  the 
N2  dissociation  (wwRN2QdN),  and  the  kinetic  energy 
(u2/2).  The  total  thermal  contribution  ( Y^wiCViT )  to 
the  free  stream  flow  enthalpy  is  again  less  than  10%  at 
all  of  the  test  conditions.  This  suggests  that  the  vibra¬ 
tional  contribution  is  also  negligible  for  air/Ar  flow's  at 
these  conditions. 

Oxygen  Dissociation  Level  -  The  recent  LIF  mea¬ 
surements  have  been  directed  toward  developing  and 
demonstrating  the  ability  to  measure  enthalpy  in  the 
free  stream  using  two-photon  excitation  of  N.48’49  To 
use  this  approach  for  air/Ar  flow  mixtures,  oxygen  is 
assumed  to  be  fully  dissociated.  Based  on  the  results 
of  the  [N]  measurements  and  the  derived  dissociation 
levels,  the  amount  of  nitrogen  dissociation  is  substan¬ 
tial  (otv  =  -26  —  .62).  Since  it  is  energetically  easier 
to  dissociate  oxygen,  the  degree  of  oxygen  dissociation 
should  be  greater  than  that  of  nitrogen. 

Additional  information  on  the  state  of  oxygen  in  the 
arcjet  free  stream  can  be  found  from  the  results  of 
experiments  undertaken  to  assess  NO  populations.44 
During  those  tests,  no  laser-induced  emission  was 
detected  from  either  the  NO-7  system  or  the  02 
Schumann- Runge  bands,  which  both  have  a  large  num¬ 
ber  of  ro-vibrational  transitions  near  226  nm.59  Based 
on  their  single-photon  LIF  detectability,  a  conservative 
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estimate  of  approximately  10 13  cm  3  can  be  placed  on 
the  upper  population  limits  for  NO  and  O2. 

From  these  observations,  it  was  expected  that  all  of 
the  oxygen  population  would  appear  as  ground  state 
(3P)  atomic  oxygen.  Thus,  a  comparison  between  the 
absolute  [O]  measurements  from  the  earlier  LIF  exper¬ 
iments  of  Ref.  47  and  values  calculated  from  the  facil¬ 
ity  mass  flow  correlations  should  support  this  premise. 
These  [0]  measurements  were  carried  out  by  measur¬ 
ing  the  total  LIF  signal  of  a  single  fine-level  transition 
(J”=2)  and  using  the  Doppler  width  based  tempera¬ 
ture  measurement  to  account  for  the  fractional  popu¬ 
lation  residing  in  the  other  fine  levels  of  the  3P  ground 
state.  Results  from  the  measurements  are  shown  in 
Fig.  47,  along  with  calculated  population  levels  de¬ 
rived  from  the  facility  mass  flow  correlations  (Eq.  (38), 
above).  Both  measured  and  calculated  [0]  values  are 
shown  as  a  function  of  chamber  pressure,  to  be  consis¬ 
tent  with  the  original  presentation  of  the  data.47  At  all 
but  the  lowest  pressure  conditions,  the  LIF  measure¬ 
ments  indicate  a  lower  [O]  value  than  expected  from 
the  facility  data. 


Fig.  47.  Comparison  of  measured  and  calculated  [0] 
as  a  function  of  the  heater  pressure  for  tests  in  the 
61  cm  diameter  nozzle.  (Note  that  Eq.  (4)  refers  to 
Eq.  (38).) 

Assuming  that  the  facility  correlations  are  reliable,  it 
is  possible  that  the  total  0  atom  population  may  be 
under-measured  by  the  LIF  approach  owing  to  popu¬ 
lations  in  the  two  low-lying,  metastable  singlet  states, 
:D  and  1S.  Since  these  two  states  do  not  have  an  al¬ 
lowed  optical  transition  path  to  the  3P  state,  popu¬ 
lations  can  build  up  as  a  result  of  optical  transitions 
from  higher  electronic  levels  and  remain  trapped  due 
to  the  essentially  collisionless  free  stream  environment. 
Significant  metastable  state  populations  would  not  af¬ 
fect  the  assumption  of  full  O2  dissociation,  but  would 
affect  the  overall  energy  balance  since  the  amount  of 
energy  carried  by  the  O  atoms  is  greater  for  the  *D 
and  4S  levels.  If  all  of  the  [0]  difference  is  assumed  to 
lie  in  the  highest  energy  state,  then  the  centerline  en¬ 
thalpy  values  calculated  using  Eq.  (42)  would  increase 
by  up  to  6  %.  While  this  amount  is  within  the  current 
uncertainty  of  the  centerline  enthalpy  values,  the  pos¬ 


sibility  of  0  atom  metastable  state  populations  should 
be  investigated  further. 


Fig.  48.  Measured  centerline  enthalpies  as  a  function 
of  calculated  bulk  enthalpies  for  the  air/Ar  flows. 


Comparison  with  Bulk  Enthalpy  -  Although  the 
efficiency  of  the  constricted  arc  heater  has  not  been 
measured  recently  for  the  AHF,  measured  values  ob¬ 
tained  from  a  similar  constricted  arc  heater  were  used 
to  estimate  the  bulk  flow  enthalpy,  using  the  following 
relation, 

mV  i 


hg  = 


rriT 


(44) 


Figure  48  shows  the  LIF-measured  centerline  en¬ 
thalpies  as  a  function  of  the  bulk  enthalpy  values  cal¬ 
culated  from  the  facility  correlations  for  the  three  dif¬ 
ferent  constant  pressure,  variable  current  test  cases. 
For  each  test,  the  measured  centerline  enthalpy  value 
appears  to  increase  with  increasing  bulk  enthalpy.  The 
change  in  measured  centerline  enthalpy  from  the  low¬ 
est  current,  lowest  pressure  condition  to  the  highest 
current,  highest  pressure  condition  is  62  %,  while  the 
change  in  bulk  enthalpy  calculated  over  these  same 
conditions  was  60  %.  While  this  agreement  in  the 
relative  enthalpy  change  is  noteworthy,  the  measured 
enthalpy  values  on  the  flow  centerline  are  typically  30 
to  50  %  greater  than  the  corresponding  bulk  enthalpy 
values.  This  may  indicate  a  nonuniform  enthalpy  dis¬ 
tribution  in  the  stream,  but  further  confirmation  by 
off-centerline  measurements  is  required. 


3.4  Summary  of  LIF  Results 

The  stream  information  derived  from  the  LIF  exper¬ 
iments  illustrates  the  advantage  of  making  spatially 
resolved  measurements  using  a  major  flow  species. 
For  arcjet  flows  in  particular,  probing  the  most  en¬ 
ergetic  dissociation  product  allows  a  determination  of 
the  chemical  energy  in  the  stream.  Moreover,  in  com¬ 
bination  with  the  species  concentration,  the  additional 
LIF-based  flow  property  measurements  yield  a  mea¬ 
sure  of  the  stream  enthalpy  and  the  distribution  of  en¬ 
ergy  among  the  kinetic,  chemical,  and  thermal  modes. 
A  measurement  of  the  total  enthalpy  alone  is  impor¬ 
tant,  because  credible  flow  simulations  and  analyses 
are  not  possible  without  it.  By  knowing  the  distribu¬ 
tion  of  energy  and  the  flow  mass  fractions,  the  degree 
of  nonequilibrium  of  the  free  stream  in  an  arcjet  flow 
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can  be  largely  quantified,  although  there  is  as  yet  no 
information  on  the  vibrational  temperature. 

From  the  analysis  of  the  LIF  measurements  obtained  in 
the  Ames  AHF  Arcjet  Facility,  it  appears  that  there  is 
more  stream  energy  in  the  kinetic  and  chemical  modes 
that  in  the  thermal  mode.  When  the  current  is  in¬ 
creased  at  nearly  constant  pressure,  only  the  N  con¬ 
centration  appears  to  change  significantly.  Compar¬ 
isons  between  measured  and  calculated  0  concentra¬ 
tions  indicate  that  the  flow  may  be  even  more  energetic 
than  the  N  LIF  measurements  imply,  since  some  of  the 
metastable,  singlet  states  of  O  may  be  populated  in 
high-enthalpy  air  flows. 

Future  work  with  the  LIF  instrumentation  will  be  di¬ 
rected  toward  assessing  the  magnitude  of  possible  flow 
property  gradients  in  the  radial  direction  in  the  free 
stream.  In  addition,  excitation  strategies  are  being 
developed  to  attempt  to  quantify  possible  metastable 
state  populations  and  vibrational  temperatures. 

4.  Summary  of  Arcjet  Characterization  Using 
Optical  Diagnostics 

Recall  that  one  of  goals  of  these  lectures  was  to  argue  a 
case  for  aerothermodynamic  testing  in  arcjet  facilities. 
In  this  context,  the  term  aerothermodynamic  refers 
to  testing  that  involves  more  than  simply  measuring 
the  thermal  response  of  a  material  to  a  measured,  but 
not  necessarily  known  heat  flux.  Where  does  this  ar¬ 
gument  stand  in  light  of  results  from  recent  experi¬ 
ments  performed  using  optical  diagnostics?  First,  the 
results  from  the  2-photon  LIF  measurements  indicate 
that  characterization  of  the  arcjet  free  stream  is  fea¬ 
sible.  However,  further  measurements  are  required  to 
establish  the  appropriateness  of  assumptions  invoked 
in  the  use  of  the  measured  quantities  and  the  valid¬ 
ity  of  the  approach.  Although  it  is  only  a  limited 
validation,  some  insight  may  be  gained  by  compar¬ 
ing  enthalpies  derived  from  the  free  stream  LIF  mea¬ 
surements  with  enthalpies  derived  from  electrode  pack¬ 
age  emission  measurements.  Each  approach  relies  on 
different  assumptions  to  determine  enthalpy,  so  the 
comparison  can  be  useful,  and  this  is  currently  being 
investigated.25 

The  second  issue  involved  in  using  arcjet  facilities  for 
aerothermodynamic  simulation  concerns  the  state  of 
the  gas  within  the  shock  layer.  In  arcjet  flows,  a  highly 
dissociated  free  stream  gas  passes  through  a  relatively 
weak  shock,  while  in  flight  the  undissociated  gas  is 
processed  by  a  strong  shock.  Depending  on  the  con¬ 
ditions,  the  result  of  the  relaxation  processes  may  be 
similar.  In  fact,  if  the  combination  of  pressure  and 
shock  stand-off  distance  is  similar  and  the  relaxation 
processes  are  common,  then  the  gas  may  reach  the 
same  thermochemical  state  as  it  approaches  the  sur¬ 
face  in  both  cases.  There  is  much  to  be  done  to  estab¬ 
lish  the  validity  of  this  hypothesis,  but  the  spatially 


resolved  radial  temperature  profile  measurements  in 
the  shock  layer  represent  an  important  first  step  in 
this  process.  These  measurements  showed  agreement 
between  the  three  temperatures;  Tr,  Tv,  and  Te;  over 
a  fairly  large  shock  layer  region  at  the  low  pressure, 
low  current  condition.  This  suggests  that  the  gas  is 
in  thermal  equilibrium  at  a  lower  shock  layer  pressure 
than  was  expected.  As  mentioned  above,  further  work 
to  assess  the  chemical  state  of  the  gas  in  this  region  of 
the  shock  layer  is  ongoing,  and  some  of  this  effort  is 
directed  toward  relating  the  conditions  of  this  test  to 
the  appropriate  flight  environment.  Finding  a  region 
of  thermal  equilibrium,  and  possibly  chemical  equilib¬ 
rium,  within  the  shock  layer  provides  a  foundation  for 
further  characterization  of  the  shock  layer  flow,  and, 
more  importantly,  a  basis  for  interpreting  test  results 
without  having  to  make  assumptions  about  the  state 
of  the  test  gas  reaching  the  surface. 

These  admittedly  intermediary  and  preliminary  find¬ 
ings  have  not  yet  made  a  convincing  case  for  the  use 
of  arcjets  as  aerothermodynamic  ground  test  facilities. 
It  also  appears  likely  that  the  possibility  of  perform¬ 
ing  aerothermodynamic  tests  in  arcjet  facilities  will  de¬ 
pend  on  the  operating  conditions  and  the  test  configu¬ 
ration.  However,  the  results  acquired  from  the  optical 
diagnostic  measurements  in  a  prototypical  large-scale 
arcjet  test  facility  argue  strongly  for  further  careful 
measurements  to  continue  toward  this  goal. 
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SUMMARY 

At  CORIA,  three  wind  tunnels  have  been  built  up 
to  simulate  reentry  conditions  of  different  planetary 
atmospheres.  They  have  been  implemented  by  numerous 
optical  and  probe  measurement  techniques  to  carry  out 
flow  parameters  to  improve  understanding  of  the 
aerodynamic  behavior  and  chemical  processes. 

1.  INTRODUCTION 

The  overview  of  measurement  techniques  at  CORIA 
presented  in  this  paper  do  not  have  the  aim  to  provide,  nor 
an  extensive  catalog  of  diagnostic  tools  devoted  to  the 
characterization  of  the  plasma  flows,  neither  an  extensive 
catalog  of  the  more  suitable  lines  or  molecular  species 
which  can  be  used  for  characterization  of  the  plasma  flows. 
It  will  be  presented  the  diagnostic  techniques  developed  at 
CORIA  for  plasma  flow  studies  and  the  major  difficulties 
encountered  with  measurement  techniques  used  on  species 
of  interest,  to  drawn  information  of  the  signing  of  the  flow. 
The  presentation  will  be  support  by  works  and  results 
issued  from  experimental  studies  performed  on  the  wind 
tunnels  developed  at  the  CORIA,  and  operating  under 
different  working  conditions  simulating  reentry  conditions 
of  different  planetary  atmospheres 

This  review  starts  with  a  fast  overview  of  the  facilities 
built  at  CORIA  for  simulating  reentry  conditions  of 
different  planetary  atmospheres.  The  next  part  is  dedicated 
to  emission  and  absorption  techniques.  Then  diagnostic 
methods  based  on  Laser  diagnostic  will  be  presented  in  the 
third  part.  Finally,  imaging  and  in  situ  measurement 
techniques  are  reviewed. 


2.  FACILITIES  AND  ANALYSIS  DEVICES 

FACILITIES  AND  PLASMA  FLOWS 

At  CORIA,  the  three  main  facilities  consist  mainly  on 
two  arc-jets  and  a  high  frequency  inductive  torch.  They  are 
in  operation  to  generate  high  enthalpy  flows  up  to  50 
MJ/kg  for  different  gas  mixtures.  Experiments  are 
performed  in  test  chamber  with  stagnation  pressure  from 
50  Pa  up  to  atmospheric  pressure.  Working  with  different 
gas  mixtures,  oxidizing  or  not  such  as  Ar,  N2,  N2-C02, 

Air . these  facilities  are  well  adapted  first  to  simulate  the 

conditions  met  during  reentry  of  spacecraft  in  numerous 
planetary  atmospheres  and  second  to  improved 
understanding  of  the  aerodynamic  behavior  and  chemical 
processes. 

In  the  two  first  facilities,  the  plasma  source  is  a  10-15 
kW  dc  arc-jet  facility.  The  arc  is  initiated  between  the 
tip  of  a  cathode  and  a  nozzle  shaped  anode.  The 
nozzle  is  conical  both  upstream  and  downstream.  The 
plasma  is  expanded  in  test  chamber. 

To  reduce  the  contamination  of  the  flow  and  increase 
the  lifetime  of  the  electrodes,  the  materials  of  the 
electrodes  vary  depending  the  gas  used.  With  N2-C02 
mixture,  carbon  electrodes  are  preferred  to  the  ones 
generally  used  with  non-oxidizing  gas  and  made  of 
tungsten  or  copper. 

To  increase  the  temperature  and  the  degree  of 
dissociation,  a  second  stage  may  be  added  below  the 
first  anode.  A  secondary  arc  therefore  heats  up  the 
primary  plasma.  This  amounts  the  total  electric  power 
of  about  30%. 

The  third  wind  tunnel  is  an  high  frequency  inductive 
plasma  torch  (ICP  torch,  100  kW,  1.7  MHz).  The 
plasma  is  ignited  in  a  quartz  tube  (discharge  chamber) 
placed  into  inductor  before  its  expansion  in  the  test 
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chamber.  In  subsonic  regime,  the  jet  is  80  mm  in 
diameter.  By  addition  of  a  shaped-nozzle  at  the  exit  of 
the  quartz  tube,  the  wind  tunnel  works  in  supersonic 
regime. 

On  the  one  side  of  the  discharge  chamber  the  gas 
former  introduces  the  working  gas.  Its  conception 
allows  proceeding  the  reliable  stabilization  of  the 
discharge,  to  direct  the  gas  flow  and  to  protect  the 
walls  of  the  discharge  chamber  against  an  overheating, 
thus  affording  the  flow  purity.  The  external  part  of  the 
quartz  tube  is  water  cooled  to  rule  out  overheating  of 
the  quartz  tube  by  the  plasma  radiation  emission. 

With  no  electrode  purity  of  the  flow  is  expected  and 
experiments  may  be  performed  with  non-oxidizing  as 
well  as  oxidizing  gas  mixture  such  as  CO2,  air. . . 


Experimental  works  are  devoted  to  characterize  flow 
stream  impinging  simple  models  as  well  as  to  analyze  the 
transfer  processes  between  gas  and  wall  material.  Facilities 
have  been  implemented  for  studies  such  as,  analysis  of  a 
low  pressure  plasma  in  boundary  layer  situation  [1],[2], 
study  of  N2-C02  plasma  interaction  with  a  C-SiC  tile  in 
low  pressure  condition  [3],  analyze  of  a  supersonic 
turbulent  low  pressure  plasma  flow  generated  for 
simulating  the  recombination  of  charged  species  [4]. . . 


3.  MEASUREMENT  TECHNIQUES 

For  the  description  and  explanation  of  phenomena 
occurring  in  a  plasma,  it  is  necessary  to  determine  as  many 
parameters  of  the  plasma  as  possible  with  the  help  of  the  as 
many  as  possible  mutually  independent  methods,  as 
accurately  as  possible.  Among  the  relevant  parameters  is 
the  composition  of  the  plasma,  the  temperature  and  density 
of  the  different  atoms  and  molecules  and  flow  velocities  of 
the  individual  components  of  the  plasma. 

Through  the  emission,  absorption  and  laser 
spectroscopy  of  plasma  flows,  investigation  of  the  plasma 
parameters  may  be  done  by  numerous  methods  of  analysis. 
The  study  of  intensity  of  spectral  lines  emitted  by  atoms, 
ions  and  molecules  is  extensively  used  with  assumption 
that  level  population  satisfied  a  Boltzmann  distribution 
law  and  that  the  medium  is  optically  thin.  With  plasma 
displaying  an  appreciable  absorption,  the  determination  of 
temperature  and  number  density  is  drawn  from  the 
absorption  coefficients  of  resonance  lines. 

Among  the  methods  of  plasma  diagnostics  cited 
above  and  used  at  CORIA,  attention  is  done  to  carry  out 
measurements  with  the  well-adapted  method  suitable  to  the 
operating  plasma  flow  condition  of  interest. 


3.1.  Diagnostics  devices 

•  DETECTION  DEVICES 

Different  spectrometers  and  gratings  are  available 
at  CORIA  to  spectrally  analyze  emission  and  absorption 
spectra  of  plasma  flow  in  the  spectral  range  of  120  nm  to 
10  jtm.  Species  such  as  N,  N2 ,  O,  02  C,  C2,  CO,  C02,  NO, 

SiO,  Si02 . are  well  identified.  In  the  UV  and  far  UV 

with  holographic  grating  (4230  groves/mm),  the  highly 
resolving  spectrometer  has  permit  to  record  the  resonance 
line  of  nitrogen  ("P-^S0:  119.955  nm)  with  a  resolution  of 
1/100  A.  In  the  UV-visible  spectral  range,  the  molecular 
spectra  of  numerous  species  have  been  well  observed  with 
high  resolution  of  the  vibrational  and  rotational  structures. 
Spectra  analysis  allowed  the  signing  of  the  flows  and 
identification  of  species.  Depending  of  the  structure  of 
molecular  spectra,  the  spectra  are  recorded  with  highly  or 
partially  resolution,  or  are  fully  degraded  to  be  matched 
with  synthetic  spectra  for  temperature  and  density 
measurements  [5], 

For  single  point  measurement  the  light  intensity 
of  emitting  species  is  generally  recorded  on  a 
photomultiplier.  For  light-of-sight  and  2D  measurements, 
the  used  of  Intensified  Charged  Coupled  Detector  (ICCD) 
is  commonly  used.  Time  resolved  light  emission  (LIF 
diagnostics)  for  single  point  or  integrated  light  emission 
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may  be  easily  analyzed  by  means  of  2  GHz  numerical 
oscilloscope. 

•  LIGHT  EMISSION  SOURCES 

Numerous  emission  and  absorption  continuous 
sources  (tungsten,  mercury,  xenon,  deuterium  lamps  and  a 
krypton  pumped  monomode  Dye  laser,...)  are  available 
from  Ultra-Violet  to  InfraRed  spectral  range.  They  are 
used  for  spectrometer  wavelength  calibration  and  laser 
wavelength  calibration.  In  the  UV  from  180  to  300  nm,  the 
large  continuum  of  the  W,  Hg,  Xe  and  D2  lamps  provide 
useful  sources  for  absorption  spectroscopy. 

On  the  other  hand  because  of  the  low  radiation 
emission  of  such  lamps  especially  in  the  far-UV  down  to 
120  nm,  the  plasma  team  develops  particular  UV  sources 
adapted  to  particular  experimental  works  (see  §  Emission 
and  absorption  sources). 

The  highly  resolving  Dye  Laser  with  a  spectral 
resolution  of  104  nm  is  suitable  for  line  broadening 
measurement  by  absorption  in  the  visible  spectral  range 
(680  -780  nm).  In  addition,  it  permits  an  accurate  velocity 
measurement  by  Doppler  shift. 

Laser  induced  fluorescence  (LIF)  is  a  powerful 
technique  which  provides  local  information  of  the  flows 
parameters  with  a  much  lover  detection  limit  than  the 
usual  absorption  sources.  The  LIF  technique  is  well  known 
at  CORIA  and  has  been  extensively  used  and  developed  to 
study  high  enthalpy  flows.  The  different  sources  available, 
not  only  for  LIF,  but  also  for  Rayleigh  and  Raman 
measurements  are: 

The  Krypton  pumped  monomode  Dye  (SPECTRA 
PHYSICS)  laser.  It  has  been  recently  modified  at 
CORIA.  The  slow  motorized  wavelength  scanning  has 
been  replaced  by  an  electro-optic  LiNBo  (Boro- 
Silicate  of  Lithium)  photo-refractive  crystal  whose 
optical  index  varies  with  the  applied  voltage.  Then, 
the  ring  cavity  length  changes  and  the  laser  is  tilted  in 
wavelength.  The  method  will  allow  scanning 
frequency  in  the  turbulent  time  scales.  Up  to  now,  this 
device  is  under-development.  With  this  method  we 
expect  to  measure  simultaneously  the  temperature, 
number  density  of  excited  states  and  velocity  by  laser 
induced  fluorescence  in  a  turbulent  plasma  flow. 

The  excimer  laser  (LPX  150/50T  LAMBDA 
PHYSIK)  used  with  ArF  (193.4  nm)  or  KrF  (248.0 
nm)  gas  mixture.  The  radiation  is  of  about  180  mJ  at 
193.4  nm  and  250  mJ  at  248  nm,  with  a  pulse  duration 
of  10  ns  at  FWHM.  The  excimer  laser  consisting  in 


two  separate  cavities  may  be  used  indifferently  in 
broadband  mode  or  narrow-band  mode,  respectively 
with  resolution  of  0.5  nm  FWHM  and 
12  10“3  nm  at  HWHM.  In  narrow-band  mode,  the 
pulsed  radiation  can  be  tuned  with  a  step  increment  of 
22  10"  nm  on  the  full  spectral  range  of  the 
broadband  emission. 

The  coupling  of  the  excimer  laser  with  a  high  pressure 
Raman  Shifter  Cell  filled  with  suitable  gas  (H2,  D2...) 
allows  to  shift  the  incident  laser  radiation  to 
wavelength  of  interest,  corresponding  to  excitation 
wavelengths  of  molecules  on  both  sides  from  the 
initial  193.4  and  248  nm  excitation  wavelength.  The 
excimer  laser  working  with  ArF  and  KrF  gas  mixture 
provide  a  fruitful  diagnostic  tool  for  the  whole  species 
present  in  air  plasma  and  at  the  vicinity  of  materials 
such  as  C-C,  SiC-SiC  and  C-SiC  immersed  in  plasma 
flow. 

A  pulsed  Optical  Parametric  Oscillator  (OPO 
SPECTRA  PHYSICS)  pumped  by  Nd:YAG.  The  OPO 
provides  a  powerful  and  monochromatic  radiation 
(0.3  cm1  FWHM)  from  IR  (2  |im)  down  to  UV  (15 
mJ  at  226  nm).  The  spectral  range  can  be  extended 
further  in  the  UV  using  a  Raman  Shifter  Cell. 

A  Raman  Shifter  Cell  filled  with  specific  gases  and 
coupled  with  the  excimer  laser  at  193  or  248  nm 
allows  to  enlarge  the  spectral  range  of  the  excitation 
wavelengths  from  the  excimer  laser  radiation. 


3.2.  Emission  and  absorption 

Emission  and  absorption  spectrometry  of  atomic  and 
molecular  species  has  been  extensively  study  in  plasma 
flows  from  VUV  to  IR  spectral  range  to  provide 
information  on  number  density  species  and  temperature. 
Although  emission  and  absorption  spectrometry  provides 
information  on  the  medium,  attention  is  done  on  the  on  the 
relevance  of  the  deduced  parameters. 

•  INTEGRATED  LIGHT  EMISSION  AND  ABSORPTION 

Emission  or  absorption  measurements  are  not 
punctual  measurements  and  the  recorded  intensities  have 
to  be  considered  as  integrated  along  the  Iight-of-sight  of 
the  observed  signal.  In  a  non-absorbing  medium  without 
number  density  and  temperature  gradient,  the  local 
intensity  may  be  easily  drawn  from  the  recorded  intensity 
signal.  The  main  difficulty  encountered  appears  in  an 
inhomogeneous  medium,  in  presence  of  a  non-axis- 
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symmetric  flow  and  of  an  optical  thick  medium.  For 
emission  or  absorption  measurements,  the  light  intensity 
recorded  is  providing  from  the  light  emitted  along  the  line- 
of-sight  and  is  resulting  from  the  summation  of  numerous 
individual  locations  which  are  different  in  density  and 
temperature.  Local  measurement  can  be  only  derived  with 
an  axis-symmetric  geometry  if  an  Abel’s  inversion  is 
applied: 


The  reverse  relation  is  given  as: 
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where  i(x)  is  the  integrated  light-of-sight  signal  intensity 
and  i(r)  the  radial  (or  local)  signal  intensity. 


Figure  2.  Abel’s  inversion 


A  Beer’s  law  may  be  added  to  the  Abel’s  inversion  to 
correct  the  self-absorption  of  the  medium.  For  that,  a 
separate  absorption  measurement  have  to  be  done. 


•  MEASUREMENT  OF  THE  GROUND  AND  EXCITED  STATES 

While  emission  spectroscopy  provides 
information  on  the  upper  excited  levels  of  atoms, 
molecules  and  radicals,  the  absorption  spectroscopy  allows 
to  probe  the  metastables  and  fundamental  ground  states. 

As  a  general  rule,  emission  or  absorption 
measurement  gives  only  information  on  the  population 
density  of  the  emitting  or  absorbing  levels  of  atoms  and 
molecules.  If  the  collisional  coupling  between  the  various 
energy  levels  of  the  atoms  or  molecules  is  very  efficient, 
then  a  Boltzmann  equilibrium  assumption  may  be  assessed 
to  deduce  from  emission  or  absorption  measurements  the 
whole  concentration  of  species  of  interest  and  the 
temperature. 


As  the  emitting  or  absorbing  levels  concerned  in 
the  visible  or  near  UV  spectrum  are  generally  issued  from 
excited  electronic  levels  of  atoms  and  molecules,  the 
population  density  is  only  representative  of  a  finite 
proportion  of  the  entire  species  population  density.  The 
main  part  of  the  particles  are  on  the  fundamental  level  or 
on  the  nearest  electronic  levels  such  as  the  metastable 
states.  In  expanding  flow,  emissive  levels  are  populated 
either  by  recombination  of  the  parent  ions  or  by  exchange 
of  excitation  with  another  molecule.  So,  they  are  highly 
weakly  coupled  with  the  fundamental  level  and  then  more 
representative  of  the  whole  species  population  density. 
Then,  by  emission  and  absorption  measurement,  it  isn’t 
relevant  to  deduce  the  species  population  density  according 
to  a  Boltzmann  equilibrium  distribution.  We  have  also  to 
notice  that  the  emissive  levels  being  weakly  populated,  the 
rotational  distribution  can  be  very  sensitive  to  selective 
rotational  population  rate  by  chemical  reaction  and  even 
measurement  of  the  ground  and  nearest  excited  states.  As 
mentioned  above,  only  absorption  measurement  on  the 
fundamental  or  nearest  electronic  levels  may  provide  with 
a  good  confidence  the  species  concentration.  Generally,  the 
radiative  transition  taken  into  account  are  in  the  VUV 
region.  The  difficulty  provides  mainly  from  the  lack  of 
efficient  absorbing  source,  added  to  the  difficult  operating 
conditions  in  the  UV  spectral  range  imputed  to  the  02 
molecular  Schumann  Runge  absorption  band. 


•  EMISSION  AND  ABSORPTION  SOURCES 

The  usual  calibration  sources  and  absorption 
lamps  available  (W,  Hg,  Xe  and  De)  are  used  to  provide 
absolute  calibration  of  number  density  and  absorption 
spectroscopy.  Attention  has  been  done  in  the  UV  spectral 
range  because  of  the  high  resolution  suitable  to  the  analysis 
of  rovibronic  structure  of  molecular  spectra  and  broadening 
of  line.  By  this  way,  UV  detection  and  particular  UV 
sources  has  been  developed  for  emission  spectrometry  and 
overall,  UV  absorption  down  to  120  nm.  As  it  has  been  yet 
noticed,  the  main  difficulty  for  these  UV  source  and  more 
generally  for  UV  spectrometry,  is  the  strong  absorption  by 
the  02  Schumann-Runge  absorption  band  and  transmitivity 
of  optical  glasses  down  to  250  nm.  So,  it  is  required  the  use 
of  specific  optical  windows  (MgF2  and  LiF  below  180  nm) 
and  to  set  optical  arrangement  and  detection  device  in 
vacuum  or  in  low-pressure  conditions,  or  in  inert  gas 
atmosphere. 

Different  UV-sources  have  been  developed  for 
particular  experimental  works,  to  produce  stable  and 
reproducible  media  with  a  continuous  or  discontinuous 
highly  light  emission  spectrum  on  a  broad  spectral  range. 
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An  example  of  a  discontinuous  UV  source  with  a 
specific  optical  arrangement  is  presented  here.  It  consists 
in  an  atmospheric  Argon-plasma  seeded  with  nitrogen  in 
low  concentration  [5].  This  source  has  been  used  as  high 
emission  UV  source  to  involve  absorption  of  the  resonant 
and  metastable  states  (120  to  180  nm),  in  a  low  pressure 
nitrogen  plasma  flow.  The  high-pressure  Ar-N2  medium 
provides  suitable  N-atomic  lines  broadening  to  be  used  as 
absorption  source  on  the  N-atomic  spectrum  emitted  from 
the  low-pressure  nitrogen  plasma.  The  complete  optical 
arrangement  is  set  at  3  Iff3  mbar,  and  optical  windows 
and  lenses  are  made  of  MgF2,  2  mm  thick.  In  the  120-200 
nm  spectral  range,  the  UV  emission  spectrum  points  out 
neither  the  presence  of  the  Lyman-Birge-Hopfield,  nor  the 
Vegard-Kaplan  system.  The  spectrum  is  a  discontinuous 
spectrum  of  atomic  nitrogen  lines.  The  hydrogen  line 
La  set  at  121.6  nm,  the  resonant  oxygen  line  (130  nm) 

and  carbon  lines  (165  and  193.1  nm)  are  also  observed. 
From  the  atomic  nitrogen  highly  resolved  absorption  lines 
(down  to  l/100ff”nm),  the  number  density  of  the 
metastable  states  2P— (174.272,  174.525  nm)  and 
2P—>~If  (149.262,  149.267  and  149.467  nm)  has  been 
determined.  On  the  other  hand,  the  self-absorption  in  the 
UV  atmospheric  source  precludes  direct  measurement  on 
the  resonant  transition  4P-JS°  (119.955,  120.022,  120.071 
nm)  In  this  case,  populations  have  been  determined  using 
a  model  including  first  the  emission  measurements  after  an 
Abel’s  inversion  and  second  a  correction  from  the  self 
absorption  by  the  medium,  in  agreement  with  the 
absorption  lines  profiles  recorded. 

An  other  example  is  the  development  of 
experimental  source  to  increase  the  potentiality  of  studies 
in  the  UV  down  to  120  nm.  It  consists  of  a  dielectric 
barrier  discharge  (DBD)  in  rare  gas  to  produce  excited 
dimmers  sources  as  Ar2,  He2,  Ne2  and  Kt2-  De-excitation  of 
these  molecules  produces  intense  radiation  in  the  ultra¬ 
violet  spectral  range  100  -  300  nm.  At  low  pressure 
conditions,  the  DBD  source  emits  a  discontinuous 
spectrum  mainly  constituted  by  the  resonant  lines  of  the 
rare  gas.  With  increasing  pressure,  the  spectrum  is  shaded 
off  in  a  continuum  highly  lightening  favorable  to 
absorption  spectroscopy.  The  DBD  is  made  of  a  quartz 
tube  (500  nun  length  and  5  mm)  used  as  dielectric  with 
two  metallic  electrodes  painted  on  its  external  surface. 
Micro-discharges  are  generated  with  a  power  supply 
generator  (7  kV  -  20  kHz)  and  provide  a  high  electronic 
number  density  (iff0 -iff1  wf3)  with  electron  energy 
levels  up  to  20  eV  and  a  lifetime  of  about  100  ns, 
depending  from  the  gas  mixture.  The  integrated  light 
emitted  by  the  DBD  source  produces  thus  high  radiation 
(few  mW)  in  the  sight-of-light  of  the  quartz  tube.  It  is 


noted  that  from  the  quality  of  the  gas  mixture  will  depend 
the  light  emission  from  the  DBD  source.  It  has  been 
observed  that  presence  of  impurities  may  produce  an 
abundant  spectrum  of  the  impurity  itself,  and  releases  the 
excimer  emission.  The  future  of  DBD  sources  is  promising 
and  always  under  development  at  CORIA.  It  is  driven  by 
the  opportunity  to  probed  the  ground  levels  of  atomic 
species  (O,  N,  C...)  and  molecules  (CO,  SiO...)  in 
planetary  atmospheres  such  as  the  Earth  and  Martian  ones 
in  order  to  better  understand  the  chemical  mechanisms  in 
heterogeneous  and  homogeneous  situations. 


3.3.  Laser  diagnostics 

By  comparison  with  usual  emission  and 
absorption  methods,  the  laser  diagnostics  present 
advantage  of  local  and/or  2D  measurements  with  high 
selectivity  of  species  of  interest.  Laser  diagnostics  are 
extensively  used  for  temperature  and  density  measurements 
by  comparisons  with  computed  synthetic  spectra. 

Molecular  spectra  are  calculated  for  the  main 
species  observed  in  reentry  conditions  such  as  the  earth  or 
mars  atmospheres  (i.e.:  N2,  02,  C2,  CO,  C02,  NO,  CN. . .), 
and  for  the  main  species  observed  in  studies  of 
plasma/surface  interactions  (i.e.:  SiO,  SiC,  Si02  ...). 

From  high  monochromatic  light  emission  laser 
source  adds  to  the  possible  spectral  tilting  in  wavelength, 
velocity  measurements  may  be  carried  out. 

The  main  laser  diagnostics  used  to  probe  the 
plasma  flows  are  summarized  hereafter. 

•  RAYLEIGH  SCATTERING 

The  Rayleigh  scattering  is  the  elastic  interaction 
between  the  incident  laser  radiation  and  gas  molecules,  so 
without  excitation  wavelength  dependence  in  regard  to  the 
molecule  probe  and  thus  without  interaction  with  the 
internal  energy  molecular  mode.  Because  intensity  of  the 
scattered  light  is  proportional  to  the  number  density  of  gas 
molecules,  the  Rayleigh  scattering  is  a  suitable  method  to 
determine  the  gas  number  density. 

One  of  the  advantages  of  Rayleigh  scattering  in 
comparison  with  the  Raman  light  scattering  is  that 
Rayleigh  cross  sections  are  in  three  orders  of  magnitude 
greater  than  the  corresponding  vibrational  Raman  cross 
sections.  Thus  the  Rayleigh  scattering  is  the  strongest  of 
the  molecular  light  scattering  techniques  well  adapted  to 
the  number  density  measurement,  as  well  as  at  low  gas 
density  than  in  higher  pressure  conditions.  In  an  other 
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side,  one  disadvantage  of  the  Rayleigh  scattering  is  that  it 
is  an  elastic  process,  and  thus  not  species  specific.  In 
addition,  Rayleigh  scattering  may  occur  at  any  excitation 
wavelength,  the  shorter  wavelength  being  more  efficient 
because  of  the  Rayleigh  scattering  cross  section  evolution 
with  v4 .  Since  the  Rayleigh  light  scattering  is  observed  in 
coincidence  with  the  excitation  wavelength,  the  signal  can 
be  overlapped  with  Mie  scattering  (20-fold  greater  than  the 
Rayleigh  signal)  and  parasite  reflections  from  surfaces 
surrounding  the  incident  radiation. 

Rayleigh  scattering  has  been  used  extensively  in  low- 
pressure  high  enthalpy  wind  tunnel  for  total  number 
density  measurements  and  also  in  well  identified  medium 
for  calibration  of  the  fluorescence  signal  intensity.  For 
example,  the  used  of  high  energy  density  of  excimer  laser 
in  the  far  UV  is  well  suitable  to  achieve  total  number 
density  measurements  in  medium  with  pressure  down  to  1 
mbar. 

Depending  on  species  present  in  the  plasma  flow  and 
operating  conditions,  attention  has  to  be  done  with 
Rayleigh  measurements.  It  is  necessary  to  tune  the 
excitation  source  wavelength  out  of  absorbing  transitions 
of  species  present  in  the  flow,  in  order  to  avoid  overlapping 
of  LIF  and  Rayleigh  (for  example  with  ArF  excitation  in 
presence  of  NO  molecule).  It  is  also  noticed  that  as  total 
number  density  is  directly  proportional  to  the  Rayleigh 
signal  and  determined  at  the  same  wavelength  than  the 
excitation  source,  the  reflection  of  the  incident  excitation 
radiation  may  enhances  the  effective  Rayleigh  scattering 
signal  and  thus  provides  an  erroneous  value  of  the  total 
number  density. 

•  SPONTANEOUS  RAMAN  SCATTERING 

The  Raman  scattering  is  the  inelastic  interaction 
between  the  incident  light  and  the  electronic-mediated 
vibrational-rotational  modes  of  the  molecules.  The 
inelastic  process  is  described  by  an  energy  exchange 
between  the  incident  photon  and  internal  energy  modes  of 
the  scattering  molecule.  Thus  implies  that  the  scattered 
photon  may  gain  or  loss  energy  and  that  the  Raman  signal 
can  be  spectrally  observed  at  different  wavelengths,  shifted 
from  the  incident  radiation.  The  spacing  energy  between 
the  incident  and  scattered  photon  corresponds  to  the 
excitation  energy  of  the  molecule,  and  thus  is  specific  of 
the  molecule  excited. 

The  scattering  light  spectrum  consists  of  Raman 
Stokes,  Rayleigh  and  Raman  Anti-Stokes  lines.  The 
incident  photon  excites  a  molecule  from  rovibronic  levels 
of  the  electronic  ground  state,  from  the  lower  vibrational 
levels  to  a  upper  virtual  one.  This  level  de-excites  to 
rovibronic  levels  of  the  electronic  ground  state  with 


radiation  emission  at  shorter,  identical  and  higher 
wavelengths  than  the  one  corresponding  to  the  excitation 
energy  of  the  molecule,  respectively  named  the  Raman 
Stokes,  Rayleigh  and  Raman  Anti-Stokes  scattering.  Only 
the  Rayleigh  scattering  remains  unshifted  in  regard  to  the 
excitation  radiation. 

Intensity  of  the  Raman  scattering  is  dependent  from 
the  vibrational  number  density  of  the  probed  molecule,  and 
then  depends  from  the  rovibronic  levels  thermally 
populated.  The  scattered  spectrum,  spectrally  resolved 
allows  to  identify  molecular  species  according  to  the 
energy  spacing  between  the  incident  and  scattering 
radiation.  This  implies  that  Raman  scattering  may  provide 
simultaneously,  multiple  species  concentration  and 
temperature  measurements.  Since  Raman  scattering  may 
occur  at  any  excitation  wavelength  and  because 
spontaneous  Raman  scattering  involves  only  transitions 
from  the  electronic  ground  states,  it  is  possible  to  measure 
the  number  densities  of  stable  species,  such  as  N2,  02,  CO, 
C02,  SiO,  Si02....  The  only  limitation  to  this  technique  is 
the  weak  light  emission  imputes  to  the  lower  values  of  the 
Raman  scattering  cross  sections.  Thus,  accurate  Raman 
scattering  measurement  will  depend  first  on  the  energy 
spacing  between  the  excitation  wavelength  and  the 
scattering  Raman  signal,  and  second  from  the  relative  ratio 
between  Rayleigh  and  Raman  scattering  cross  sections. 

•  LASER  INDUCED  FLUORESCENCE 

Laser  induced  fluorescence  is  an  electronic 
absorption  process  that  produces  relatively  high  signal 
intensity  with  high  spatial  resolution.  Except  the  resonant 
fluorescence  emitted  at  the  same  wavelength  than  the 
excitation  one,  the  fluorescence  spectrum  is  normally  red- 
shifted  from  the  excitation  wavelength  and  thus  easier  to 
discriminate.  Fluorescence  intensity  is  directly  proportional 
to  the  molecular  number  density  and  can  be  used  to 
measure  the  concentration.  However,  quenching  effects 
imputed  to  collisional  partners  present  in  the  gas  mixture, 
pressure  and  temperature  can  reduce  the  fluorescence 
signal  intensity. 

Up  to  now,  in  the  spectral  range  of  the  ArF  laser 
at  193.4  ±  0.5  nm,  experiments  were  performed  extensively 
on  02 ,  NOe.  For  molecules  such  as  CO,  NH3  and  H20,  the 
fluorescence  may  also  be  observed  via  the  multi-photons 
photo-dissociation  processes.  For  CO  molecule,  it  has  been 
pointed  out  that  through  the  different  CO  excitation 
pathways  by  means  of  an  ArF  excitation  source,  only  the 
three  photons  process  may  be  retained.  The  difficulty 
provides  in  this  case  to  an  absolute  number  density 
measurement. 
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The  spectral  energy  distribution  of  the  excimer 
shows  us  strong  absorption  region  dues  mainly  to 
absorption  of  the  laser  radiation  by  the  intense  02 
Schumann-Runge  bands  and  by  absorption  of  HF  and  C 
molecular  species,  HF  and  C  being  considered  as  intra¬ 
cavity  impurities.  Gaps  in  the  spectral  energy  distribution 
takes  on  particular  importance  in  the  excitation  process  of 
atomic  or  molecular  species,  because  they  prevent  or 
degrade  excitation  of  the  species  of  interest,  and  modify  the 
general  feature  of  the  fluorescence  or  excitation  spectra. 
For  example,  a  good  knowledge  of  laser  radiation  spectral 
energy  is  needed  to  understand  and  improve  some 
particular  fluorescence  phenomena  such  as  the  photo- 
dissociation  of  the  carbon  monoxide.  In  addition,  as 
usually  done,  the  matching  of  experimental  spectra  with 
computed  ones  may  be  greatly  influence  by  a  non-constant 
energy  density  of  the  laser  source  and  provides  non 
negligible  discrepancies  inherent  only  to  the  badly 
knowledge  of  the  excitation  mode.  This  may  be  harmful  to 
number  density  determination  and  temperature  when  this 
latter  is  drawn  from  line  ratio. 


•  RAMAN  SHIFTER 

As  a  result  of  the  Raman  lines  emission  is  the  use  of 
the  incident  laser  emission  as  a  pump  laser  to  provide  via 
the  Raman  Stokes  and  Raman  Anti-Stokes  scattering  of  a 
suitable  molecule,  a  new  set  of  excitation  wavelengths 
shifted  from  the  incident  one,  to  induce  fluorescence  of 
molecules  such  as  CO,  SiO,  O.  It  is  noticed  that  the  Raman 
Shift  effect  may  be  observed  only  in  gas  with  high  Raman 
cross  section  such  as  H2,  D2,  HD  and  CH4  (respectively, 
4155,  2987,  3628  and  2917  cm'1).  The  efficiency  of  the 
process  remains  lower,  less  than  10%  on  the  first  stokes 
and  is  decreasing  for  higher  components. 

For  experiments  performed  at  CORIA  on  interaction 
plasma/surface  studies,  interest  has  been  focussed  on  the 
CO,  SiO,  O  molecules  excited  via  a  Raman  Shifter  Cell 
pumped  by  an  ArF  excimer  laser 

Carbon  monoxide  fluorescence  (CO) 

The  carbon  monoxide  fluorescence  is  induced  at 
230.1  nm  from  the  H2  2nd  Stokes  issued  from  the  Raman 
Shifter  Cell  pumped  with  ArF  excimer  excitation  source. 
Efficiency  is  less  than  10%,  but  only  few  mJ  are  necessary 
to  induce  the  CO  fluorescence  v'=0<— X'X1-,  v"=o) 

in  low  pressure  conditions  set  at  50  mbar.  Fluorescence  is 
detected  in  the  visible  spectral  range  from  450  to  560  nm. 

Oxvaen  fluorescence  (O) 


The  oxygen  fluorescence  is  induced  at  226  nm  from  a 
two-photon  process,  from  the  fundamental  2[?P  to  the 
atomic  excited  state  3 rfP.  The  fluorescence  light  is 
detected  in  the  visible  from  direct  de-excitation,  either 
from  the  transition  3p3P  at  845  nm,  or  from  the 

transition  3 jfP  ~>3 s*S  at  111  nm,  after  collisional  transfer 
from  the  3/r7,->3f5.P.  The  usual  excitation  may  be 
provided  from  a  doubled  and  mixed  Nd:YAG;  the 
radiation  is  closed  to  226  nm,  with  energy  of  about  few  mJ. 
Whatever  the  gas  used  in  the  Raman  Shifter  Cell  pumped 
by  ArF  or  KrF  excimer  laser,  no  light  is  emitted  at  the 
wavelength  of  interest.  On  the  other  hand,  if  we  consider 
the  summation  of  the  second  and  third  stokes  generated 
from  the  Raman  Shift  Cell  filled  with  Deuterium  (8  bars) 
and  pumped  by  ArF  excitation  source,  then  light  emitted 
from  the  Raman  Cell  is  tuned  on  the  oxygen  transition 
2piP->3p3P  which  one  may  be  excited.  The  major  difficulty 
is  imputed  to  the  filtering  of  both  transitions  among  the 
other  stokes,  and  to  the  focussing  two  transitions  of 
different  wavelengths  at  the  same  measurement  point.  The 
method  is  promising  in  plasma  studies  and  in  catalysis 
studies  in  which  oxygen  is  considered  as  major  specie. 

Monoxide  silicate  fluorescence  (SiO) 

In  the  spectral  range  230-232  nm,  the  SiO  absorption 
spectrum  via  the  (a'H  V=1  <— X'27,  V’=o)  transition  is  in 
coincidence  with  the  second  stokes  of  Hydrogen  (H2) 
pumped  with  ArF  excimer  laser.  Because  of  high  transition 
probability,  this  vibrational  sequence  can  be  easily  excited 
at  231  nm.  The  more  critical  point  for  the  SiO  molecule 
provides  from  the  spectral  range  of  fluorescence  de¬ 
excitation  at  240  nm,  in  coincidence  with  the  emission 
band  of  NOy.  The  SiO  spectrum  shape  is  well 
characteristic  and  defined  with  a  bandhead  set  at  lower 
wavelengths  and  rotational  structure  varying  extensively 
with  the  rotational  temperature.  SiO  molecule  expected  to 
be  produced  by  catalytic  parietal  recombination  in  air 
plasma  /  SiC  interaction,  may  be  a  suitable  specie  for 
temperature  measurement. 


3.4.  Measurement  from  molecular  spectra 

Analysis  of  molecular  spectra  provide  information 
on  the  signing  of  species  present  in  the  flow  and 
information  on  temperatures  and  densities.  The  band 
spectrum  of  diatomic  molecules  allows: 

the  determination  of  the  temperature  and  particles 
densities  from  absolute  intensity  of  individual  bands. 
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determination  of  the  rotational  temperature  from  the 
relative  intensities  of  the  rotational  lines  within  a 
band. 

determination  of  the  vibrational  temperature  via  the 
relative  intensities  of  several  bands  belonging  to  the 
same  electronic  transition. 

When  temperatures  and  densities  are  drawn  from 
comparison  with  computed  synthetic  spectrum,  accuracy 
will  depend  on  the  bands  system  analyzed,  the  temperature 
levels  considered  and  accuracy  of  the  computed  spectrum 
in  regard  to  the  particular  recording  experimental 
conditions.  The  computed  spectrum  have  to  be  as  accurate 
as  possible  and  include  correction  for  apparatus  function 
of  the  optic  detection  device,  constituted  mainly  by  the 
monochromator  used  as  a  narrow  or  broad  band-pass  filter 
over  the  full  spectral  range  of  the  molecular  of  interest. 

At  CORIA,  the  synthetic  spectra  of  numerous  diatomic 
molecules  met  in  re-entry  conditions  have  been  calculated 
in  emission  and  are  also  available  in  absorption.  For 
species  probed  by  laser  excitation,  excitation  and 
fluorescence  spectra  have  been  built.  It  is  important  to 
note  that  generally  comparisons  between  experimental  and 
synthetic  spectra  are  carried  out  for  flows  at  low  or 
moderate  temperature.  For  high  temperature  medium,  the 
high  rotational  and  vibrational  levels  have  to  be 
considered  for  a  best  synthetic  spectra  description. 

As  previously  mentioned,  with  a  nom-homogeneous 
flow,  numerous  spectra  will  be  necessary  to  calculate  from 
the  Abel  inversion  the  spectrum  in  a  single  point 
measurement.  High  or  low  resolution  spectra  may  be  used 
to  determinate  the  temperature  value. 

The  rotational  temperature  is  determined  from  the 
relative  intensities  of  the  rotational  lines  within  a 
molecular  band.  When  frequency  of  heavy  particles 
collisions  with  an  upper  excited  state  of  molecule  is  at 
least  5-fold  greater  than  the  radiative  transition 
probability,  then  a  Boltzmann  equilibrium  between 
rotational  levels  and  the  upper  electronic  excited  states  of 
molecules  may  be  expected.  Taken  into  account  the  strong 
coupling  between  translational  and  rotational  energy 
states,  the  rotational  temperature  derived  from  experiment 
will  be  then  given  as  the  kinetic  gas  temperature. 

The  vibrational  temperature  is  determined  from  the 
relative  band  intensities  of  the  same  electronic  state.  A 
Boltzmann  equilibrium  between  the  vibrational  energy 
levels  of  the  upper  excited  state  is  expected  if  the 
frequency  of  inelastic  collisions  (energy  exchange  between 
vibrational  level)  is  higher  compare  to  the  electronic 
transitions  probability. 


For  non  resolved  rotational  structure,  an  experimental 
spectrum  is  commonly  spectrally  degraded  to  record  the 
general  envelop  shape  of  the  spectrum.  It  is  then 
compared  with  a  synthetic  spectrum  computed  with 
identical  apparatus  function.  Rotational  and  vibrational 
temperatures  of  the  synthetic  spectrum  are  adjust  up  to  the 
general  feature  of  the  computed  spectrum  coincides 
exactly  to  the  experimental  one. 

In  non  equilibrium  plasma,  it  is  commonly  observed 
that  Tgas<Tvjb<Tefcc  because  molecular  vibrational  energy 
levels  are  both  influenced  by  heavy  particle  collisions  and 
by  electronic  collisions. 


3.5.  Velocity  measurement 

Velocity  measurements  are  performed  considering  a 
Maxwell  velocity  distribution  of  emitting  species  which 
move  according  to  the  mean  velocity  of  the  flow.  The  light 
emitted  from  species  and  observed  along  a  line  of  sight 
different  from  the  direction  of  the  flow,  is  shifted  by  the 
quantity  corresponding  to  the  mean  velocity  component  of 
the  molecule  in  the  direction  of  observation.  For 
observation  in  the  direction  of  the  particle  mean  velocity, 
the  light  emitted  (or  line  profile)  is  blue-shifted. 
Conversely,  it  is  red-shifted  with  the  same  absolute  shift 
value  for  observation  in  the  direction  opposite  to  the  mean 
movement  of  the  flow  stream.  For  observation 
perpendicularly  to  the  flow  axis,  the  light  emitted  is 
unshifted.  The  shift  in  wavelength  is  given  as  the  Doppler 
shift  and  expressed  as: 

Av  v 
—  =  —cos  v 
V  c 

where  v  is  the  frequency,  v  the  velocity  and  c  the  light 
speed.  0  is  the  difference  angle  between  the  flow  axis  and 
the  light  of  sight  of  observation  in  a  direction  such  as 
O<0<7t/2.  Experiment  may  be  carried  out  either  from  lines 
emission,  or  from  absorption  or  fluorescence  analysis. 

4.  OTHER  DIAGNOSTICS 

•  LANGMUIR  PROBES 

The  Langmuir  probes  are  used  to  determine  the 
behavior  of  the  electrons  in  plasma  flows.  With  plasma  out 
of  equilibrium  with  the  different  energy  modes,  electronic 
temperature  as  well  as  electronic  number  density  may  be 
determined  from  electrostatic  Langmuir  probe 
measurement. 
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When  an  electrode  is  immersed  in  an  ionized  gas, 
an  electrostatic  sheath  is  formed  if  its  potential  is  set  at  a 
different  potential  than  the  plasma  one.  Due  to  the  electric 
field  perturbation,  charged  species  are  repulsed  or 
attracted,  collide  with  the  electrode  and  provide  an  induced 
current.  The  study  of  this  current  provides  the  charged 
species  characteristics.  The  electrostatic  probes  consist  of 
two  cylindrical  metallic  wires  shielded  with  a  thin  ceramic 
sleeve.  Their  dimensions  are  such  that  assumption  of 
uncollisional  sheath  surrounded  the  probe  is  respected 
(ratio  to  the  Debye  length  (sheath  thickness)  to  the  mean 
free  path  of  the  medium  of  interest),  to  apply  the 
Laframboise  theory.  Typically  probes  are  0.05  mm  radius 
and  are  aligned  on  the  flow  axis.  Measurement  close  to 
model  surface  is  provided  with  wires  implanted  on  the 
surface  as  flush  probes.  The  small  size  provides  local 
measurements  and  reduces  depletion  of  low  energy 
electrons.  One  probe  yields  the  plasma  floating  potential.  A 
sawtooth  voltage  is  applied  with  a  low  frequency  (l-2kHz) 
to  the  other  probe.  The  temperature  of  thermal  electron  is 
drawn  from  the  second  derivative  of  the  intensity  versus 
voltage  probe  characteristic,  represented  with  a  straight 
line  for  a  Maxwellian  electron  energy  distribution.  The 
electron  number  density  is  calculated  from  the  probe 
current  value  at  plasma  potential. 

It  is  noticed  that  electrostatic  probes  have  been 
adapted  to  work  at  high  frequencies  in  order  to  reach  the 
small  time  scales  of  turbulent  plasma  flows.  Indeed,  for 
higher  sweeping  frequency  up  to  90  kHz,  the  noise  induced 
by  the  RC  characteristics  of  coaxial  cables  becomes  non- 
negligible  and  prevents  probe  measurements  of  weak 
current.  So,  an  original  setup  has  been  developed  for  high 
frequency.  The  noise  reduction  is  obtained  by  doubling  the 
measuring  circuit  by  a  compensatory  one.  On  one  side,  the 
circuit  supplies  the  real  probe  immersed  in  the  plasma 
flow,  on  the  other  side,  one  supplies  a  dummy  probe, 
identical  to  the  first  one,  placed  outside  the  plasma.  The 
RC  cable  induced  noise  removal  is  obtained  by  analogic 
subtraction  of  both  signals.  This  device  was  used  at  90  kHz 
to  measure  the  plasma  number  density  fluctuations  in 
turbulent  flow  and  determine  the  turbulent  integral  scale  of 
large  structures. 

How  velocity  may  be  also  provided  from  crosses 
Langmuir  probes,  setting  at  right  angle.  The  ionic  drift 
current  is  inefficient  on  the  current  for  the  probe  aligned  to 
the  direction  of  the  flow  axis,  but  added  to  it  when  the 
probe  is  placed  in  the  direction  perpendicular  to  the  flow. 
With  assumption  than  the  Debye  shield  is  collisionless  and 
that  it  thickness  is  smaller  than  the  probe  radius,  the  ratio 
of  the  perpendicular  to  parallel  probe  current  component  is 
given  as  proportional  to  the  ratio  of  the  flow  velocity  to  the 
most  probable  ions  thermal  speed. 


•  HEAT  FLUX  PROBE 

The  local  measurements  of  the  parietal  net  heat  flux 
exchanged  is  obviously,  a  very  important  parameter  for 
studies  of  plasma  /  surface  interaction  for  simulation  of 
reentry  conditions  in  different  planetary  atmospheres. 

The  homemade  thermo-gauge  consists  of  a  constantan 
foil  (Radius  3.8  mm,  thickness  0.2  mm)  brazed  on  a  copper 
tube  and  insert  in  an  insulator  shield.  Immersed  in  a  radian 
medium,  the  heat  flux  is  continuously  drained  from  the 
sensor  to  the  surrounding  body.  Due  to  the  low 
conductivity  of  the  constantan,  a  difference  of  temperature 
occurs  between  the  center  and  the  edge  of  the  foil,  which  is 
measured  by  a  thermocouple.  The  relationship  between  the 
thermocouple  value  and  the  spectral  net  heat  flux  is 
calibrated  by  means  of  a  monochromatic  source  and  points 
out  a  linear  response  for  net  heat  flux  up  to  80  kW.m'2. 
The  time  rise  up  is  estimated  to  about  one  second. 

This  device  satisfies  well  flux  measurements  up  to  10- 
100  kW.m'2,  in  the  same  order  of  magnitude  than  those 
encountered  in  reentry  plasmas.  On  the  other  hand,  value 
of  the  incident  flux  as  to  be  considered  as  a  mean  value 
when  plasma  parameters  such  as  the  spectral  range  of 
plasma  emission  and  thermal  conductivity  and  local  kinetic 
temperature  of  the  plasma  are  not  accurately  determined. 

•  THERMOGRAPHY 

The  facility  devoted  to  analysis  on  the  parietal  net 
heat  flux  exchange  and  to  comparative  studies  on  the 
catalytic  behavior  of  C-C  and  C-SiC  TPS  materials 
immersed  in  a  plasma  flow  simulating  the  Martian 
atmosphere,  has  been  implemented  by  Infra-Red 
thermography  detection.  The  Infra-Red  camera  is  cooled 
with  Peltier  effect  and  it  analysis  spectral  range  is  2  pm  -  5 
pm.  It  is  pointed  out  that  accurate  2D  temperature  field 
measurement  depends  mainly  from  the  accurate  knowledge 
of  the  material  emissivity  at  the  detection  wavelength. 

Analysis  of  medium  may  also  be  performed  in  the 
I.R.  spectral  range  by  means  of  classical  I.R.  plasma 
emission. 

•  OTHERS  INTRUSIVE  METHODS 

Others  intrusive  methods  such  as  pitot  probe  and 
thermocouple  are  also  used  in  plasma  flows.  In  our 
experimental  working  conditions  and  considering  the 
weakness  spatial  resolution,  these  devices  do  not  allow  to 
provide  more  than  an  order  of  magnitude  of  the  parameters 
of  interest. 
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5.  SYNTHETIC  SPECTRA 

Temperatures  and  densities  are  derived  from  the 
comparison  of  synthetic  spectra  with  experimental  ones 
[6].  These  comparisons  also  allow  to  point  out  the  non- 
Boltzmann  distributions  of  vibrational  and  rotational 
populations.  At  CORIA,  the  synthetic  spectra  of  all  the 
diatomics  species  met  in  reentry  conditions  have  been 
calculated  in  emission.  Absorption  spectra  are  also 
available  for  the  same  molecules,  radicals  and  ions.  It  is 
important  to  note  that  generally  comparisons  between 
experimental  and  synthetic  spectra  are  carried  out  for  flows 
at  low  or  moderate  temperatures.  At  CORIA,  we  have 
particularly  studied  the  extension  of  synthetic  spectra  to 
high  rotational  and  vibrational  temperatures  (for  example 
see  Figure  3). 


wavelength  (nm) 

Figure  3.  Experimental  ( solid  lines)  and  synthetic 
(dashed  lines)  spectra  of  CN  violet  system  in  alow 
pressure  C02N2  plasma. 

(a)  exit  of  the  plasma  generator  Tr„,=7000  K,  Tvib=9500  K, 
FWHM  = 0.092  nm 

(b)  over  a  C-SiC  tile  Tro,=7500  K,  Tvlb= 13200  K, 

FWHM=0.092  nm 

These  section  presents  two  molecular  systems  of 
interest  studied  in  the  N2C02  [6]  plasma  flows  analyzed  in 
the  different  wind  tunnels  at  CORIA. 

•  CN  -  red  system 

CN  is  one  of  the  most  emitting  molecules  in  plasma 
media  produced  from  mixtures  as  C02-N2  and  CH4-N2. 
Within  the  visible  range  of  wavelengths,  its  red  system  is 
the  main  source  of  molecular  radiation  with  the  Swan 
bands  of  C2. 


That  red  system  gathers  all  the  rovibronic  transitions 
between  the  A2n  excited  state  and  the  X222  fundamental 
state.  Its  structure  is  close  to  the  y  and  e  bands  of  NO  and 
to  the  ultraviolet  bands  of  OH.  The  spectrum  involves  6 
main  branches  and  6  satellite  branches.  One  of  the  main 
distinctive  features  of  that  kind  of  system  is  the 
signification  level  of  the  satellite  branches.  The  high 
number  of  branches  leads  to  a  real  complexity  of  the 
spectra.  According  to  the  experimental  resolution,  there  is 
no  main  bandhead  but  several  secondary  bandheads 
corresponding  to  the  main  branches. 

The  Av=0  sequence  is  located  in  the  infrared  while  the 
first  bands  of  the  Av=+3  sequence  and  upper  sequences 
take  place  in  the  visible  range  of  wavelengths.  Vibrational 
and  rotational  structures  develop  both  towards  large 
wavelengths. 

The  significant  emission  through  this  system  is  more  a 
population  effect  rather  than  caused  by  a  short  lifetime  of 
the  state;  indeed,  the  highest  transition  probabilities 
remain  lower  than  105  s'1.  A2n  state  may  be  populated  by 
electron  collisions  if  the  ionization  rate  is  high  enough  or 
by  excitation  transfer  with  vibrationaly  excited  partners 
such  as  CO  and  N2  (v>3). 


•  CO  -  fourth  positive  system 

With  atomic  emission,  CO  fourth  positive  system  is 
the  more  significant  source  of  radiation  during  a  spacecraft 
entry  in  the  atmosphere  of  planets  such  as  Mars  and 
Venus.  This  system  is  made  of  transitions  between  two 
single  states:  the  excited  state  A'll  and  the  fundamental 
state  XT.  The  wavelength  of  the  first  band  origins  (Av=0) 
is  close  to  155  nm  but  in  vibrationaly  excited  media,  it  is 
possible  to  detect  some  band  in  absorption  over  200  nm. 
Vibrational  and  rotational  structures  develop  both  towards 
large  wavelengths.  In  spite  of  numerous  overlapping,  the 
spectra  remain  little  complex  since  there  is  only  three 
main  branches.  Lifetime  of  state  A  is  very  short  and  thus 
the  fourth  positive  system  owns  high  transition 
probabilities.  These  features  make  this  system  very 
interesting  for  studies  in  emission  as  well  as  in  absorption 
spectroscopy  because  of  the  very  low  detection  limit. 
However,  the  location  of  (A-X)  transitions  in  the 
wavelength  range  complicate  the  experiments.  Problems 
are  connected  to  the  absorption  of  light  by  Schumann- 
Runge  bands  of  molecular  oxygen  below  190  nm.  This 
phenomenon  prevents  to  work  with  an  optical  axis  under 
atmospheric  air.  Vacuum  conditions  are  needed  which  are 
different  according  to  the  wavelength.  A  pressure  lower 
than  1  Pa  is  rated  to  avoid  oxygen  absorption  problems. 
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6.  STUDIES  AT  CORIA  AND  ON  SITE 
CAMPAIGNS 

In  this  section,  we  present  briefly  the  different  studies 
carried  out  at  CORIA  on  high  enthalpy  flows.  The 
objective  is  to  illustrate  the  potentialities  of  the  techniques 
developed  at  CORIA.  Further  details  may  be  found  in  the 
given  references. 

We  show  also  that  the  techniques  developed  at  CORIA 
may  be  implemented  on  other  facilities  with  very  different 
working  conditions. 

6.1.  Numerical  simulations 

In  parallel  to  experiments,  different  numerical  codes  have 
been  developed  at  CORIA: 

Two  2D  Navier-Stokes  codes  for  laminar  and  turbulent 
flows, 

a  2D  parabolic  boundary  layer  code. 

The  objective  is  to  carry  out  thorough 
experiment/modeling  comparisons  in  order  to  better 
understand  the  studied  flows.  Discrepancies  observed 
between  computations  and  experiments  have  led  us  to 
study  in  more  detail  the  modeling  of  numerous  terms  in 
conservation  equations.  New  models  have  been  proposed 
for  different  rate  coefficients  (see  for  example  [7])  and 
energy  exchange  terms  (see  for  example  [8]). 


6.2.  Experiment/modeling  comparisons  in  a  nitrogen 
plasma  jet  and  boundary  layer 

Numerous  measurements  have  been  carried  out  in 
a  partially  ionized  nitrogen  flow  generated  in  one  of  the 
arc-jet  facility  of  the  CORIA  [1],  In  parallel,  two  codes 
have  been  developed:  one  for  the  laminar  supersonic  free 
jet  [9]  and  a  second  one  for  the  boundary  layer  [10] 
developed  over  a  flat  plate  set  along  the  jet  axis.  The 
interest  and  the  difficulty  of  this  experiment/modeling 
comparison  was  that  a  good  agreement  had  to  be  obtained 
on  numerous  parameters.  This  has  led  us  to  study  in  detail 
the  modeling  of  different  terms  in  the  conservation 
equations.  For  example,  Fig.4  shows  the  density  of  atomic 
nitrogen  on  the  fundamental  state  (derived  from  UV 
emission  and  absorption  spectroscopy)  on  the  jet  axis 
downstream  the  nozzle  exit  [5]. 


Figure  4.  Influence  of  the  kinetic  scheme  on  the  calculated 
N  density  on  the  axis  of  a  nitrogen  plasma  jet. 

These  experimental  data  were  in  total  disagreement  with 
classical  kinetic  schemes  (set  1),  which  predict  a  strongly 
dissociated  flow.  A  thorough  study  of  the  kinetic  scheme 
and  recent  measurements  of  poorly  known  reaction  rates 
(set  2)  have  been  taken  into  account,  and  finally,  a  fairly 
good  agreement  has  been  obtained  with  experiments. 


6.3.  Experimental  investigation  of  the  interaction  of  a 
C-SiC  wall  with  a  low  pressure  C02-N2  jet 

Reentry  conditions  in  the  Martian  atmosphere 
have  been  simulated  at  CORIA  to  study  the  behavior  of 
thermal  protection  systems  (TPS).  The  model  was  a  C-SiC 
tile,  and  the  initial  composition  of  the  mixture  was  50%  N2 
and  50%  C02.  The  main  problem  in  that  kind  of  study  is  to 
generate  a  plasma  which  contains  atomic  and  molecular 
oxygen  by  means  of  an  arc  between  two  electrodes.  Indeed, 
due  to  the  erosion  of  electrodes  by  oxygen,  metallic  species 
may  be  present  in  the  jet.  These  species  as  copper  or 
tungsten  may  modify  the  chemistry  of  the  jet  and  even  the 
catalycity  of  the  tile.  The  solution  offered  by  the  use  of 
hafnium  or  zirconium  for  the  cathode  is  valid  as  an  insert 
of  these  metals  at  the  end  of  a  water-cooled  copper  rod,  and 
with  high  flow  rates.  Indeed,  first,  at  low  flow  rates,  the  arc 
is  not  carried  enough  by  the  gas  and  is  hung  on  the  copper 
structure  of  the  cathode  and  second,  as  zirconium  has  a 
low  thermal  conductivity,  a  whole  zirconium  cathode 
would  have  a  very  short  life  time.  So  a  plasma  generator 
was  realized  with  high-purity  carbon  electrodes,  the  low 
erosion  of  which,  does  not  pollute  the  jet.  Currently,  a  new 
generator  using  plasma  cutting  torch  technology  is 
developed  to  work  at  higher  flow  rates  with  a  better 
stability  of  the  jet. 
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Figure  5.  Measured  species  concentration  profiles  in  the 
boundary  layer  over  a  C-SiC  tile  in  a  C02-N2  plasma. 

The  boundary  layer  over  the  C-SiC  plate  (and  for 
comparison  over  a  carbon  plate)  was  analyzed  at  a  pressure 
of  100  Pa.  Figure  shows  the  measured  profiles  of  NO,  CN, 
Si  of  and  the  temperature  [3],  Measurements  are  underway 
to  probe  other  species  as  CO,  O,  N,  C,  SiO.  The  ionization 
degree  of  the  flow  is  close  to  0.05%  and  the  temperature  of 
the  tile  is  1600  K  (measured  by  thermography). 


6.4.  Study  of  a  supersonic  turbulent  low  pressure  argon 
plasma  jet 

In  the  after-body  trailing  wake  of  a  ballistic 
missile,  abnormal  electron  density  fluctuations  are 
generally  observed.  To  study  this  phenomenon,  we  have 
considered  at  CORIA  a  simplified  situation:  an  under¬ 
expanded  argon  jet  which  becomes  turbulent  [4],  The 
inductive  plasma  torch  conditions  are:  gas  flow  rate  2.6 
g/s,  input  power  45  kW,  pressure  in  the  chamber  17  mbar. 
Classical  measurement  techniques  have  been  used  to 
measure  mean  parameters  in  the  flow,  and  fast  methods 
have  been  developed  to  reach  the  turbulent  time  scales.  For 
example,  the  electron  temperature  and  density  have  been 
measured  simultaneously  and  locally  using  the  fast 
sweeping  method  developed  at  CORIA.  It  is  also 
interesting  to  note  that  the  different  lasers  at  our  disposal 
allow  us  to  carry  out  measurements  in  extreme  conditions. 


Axial  density  evolution 


Figure  6.  Total  density  and  its  fluctuation  of  an  argon 
plasma  jet  on  the  jet  axis.  Flow  conditions  are  given  in  the 
text. 

For  example,  using  a  UV  ArF  laser,  Fig  6.  shows  the  total 
density  and  its  fluctuations  measured  on  the  jet  axis  by 
Rayleigh  scattering  with  a  detection  limit  lower  than  100 
Pa.  In  parallel  to  experiments,  a  numerical  code  has  been 
developed  to  simulate  this  flow  [11],  Comparisons  with 
experiments  are  underway. 


6.5.  Study  at  the  Tsniimach  Center  -  Moscow 

A  measurement  campaign  cite  [12]  has  been  carried 
out  at  the  central  research  institute  of  machine  building 
(TSNIIMACH  Moscow)  on  two  facilities: 

the  ground  experimental  Y13PHF  high  frequency 
facility  devoted  to  characterize  the  physico-chemical 
phenomena  encountered  in  reactive  flow/surface 
interactions, 

the  TT1  arc  jet  facility  designed  to  study  the 
aerodynamics  and  the  heat  transfer  of  supersonic  and 
hypersonic  spacecrafts. 

The  main  purpose  of  this  work  was  to  implement  the  LIF 
technique  to  measure  species  concentrations,  velocity  and 
temperature  in  the  incoming  flow,  boundary  layers  and 
shock  layers  lying  at  the  vicinity  of  a  thermal  protection 
system  (TPS)  model  simulating  a  misalignment  of  tiles. 
The  objective  of  this  study  was  twofold  :  first  to  obtain 
reliable  data  for  validation  of  numerical  codes,  second  to 
point  out  the  great  potentialities  of  the  LIF  technique  to 
study  continuous  high  enthalpy  air-flow/body  interaction. 
The  technical  challenge  of  the  test  campaign  was  the 
exportation  from  CORIA  to  the  TSNIIMACH  center  of  the 
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complete  set  of  equipment  needed  for  laser  measurements 
and  their  implementation  on  different  facilities  with  an 
experimental  set  up,  as  the  whole  diagnostic  apparatus, 
fully  automated  and  operating  under  an  industrial 
environment.  The  experimental  challenge  has  been  to 
implement  a  new  experimental  methodology  able  to  draw 
simultaneously  local  parameters  in  continuous  high 
enthalpy  supersonic  air  flow  set  for  Hermes  flight 
conditions  at  altitude  50  km  and  Mach  15. 

Fluorescence  was  induced  by  a  narrow  band 
tunable  ArF  Excimer  laser  on  NO  epsilon-band.  Rotational 
temperature  and  NO  number  density  have  been 
determined.  Moreover,  the  spatial  resolution  of  the  LIF 
technique  permitted  accurate  characterization  of  velocity 
distribution  of  the  impinging  free  stream  as  well  as  in  the 
flow  field  around  specific  shaped  models.  Thickness  of  the 
boundary  layer  and  shock  were  also  determined. 

On  the  Y13PHF  High  frequency  1MW  torch  (15  MJ/kg, 
Mach  2.5)  more  devoted  to  catalycity  studies  on  TPS 
materials,  it  has  been  determined  that,  due  to  the  shape  of 
the  nozzle,  the  flow  was  3D,  and  not  2D  as  expected. 

Second,  it  has  been  pointed  out  that  presence  of  N 
in  the  boundary  layer  participates  to  a  non  negligible 
growing  of  NO  and  CN  at  the  vicinity  of  the  plasma 
surface  interaction,  which  is  never  taken  into  account  in 
wall  catalycity  modeling.  In  the  TT1  arc  jet  facility  10  MW 
(7.5  MJ/kg  and  Mach  4.5)  studies  have  been  carried  out 
over  a  shaped  model  simulating  a  misalignment  of  tiles. 
First,  experiments  have  been  performed  in  the  free  jet  to 
locate  a  sufficient  homogeneous  region  to  put  the  wide 
Si02  model  and  assure  subsequently  a  2D  aerodynamic 
description  of  the  boundary  conditions  with  flat  NO 
number  density,  temperature  and  velocity  profiles.  Then 
the  spatial  resolution  of  the  LIF  experimental  set  up  has 
allowed  to  carry  out  a  fine  description  of  the  velocity, 
temperature  and  NO  concentration  in  the  boundary  layer 
and  in  the  shock  layer  down  to  the  surface  of  the  model. 
This  test  campaign  has  demonstrated  the  potential  of  the 
t.tf  technique  for  the  instrumentation  of  continuous  high 
enthalpy  facilities. 

In  parallel  to  experiments,  a  numerical  code  has 
been  developed  at  CORIA  to  study  the  flow  in  the  nozzle  of 
the  TT1  facility,  and  the  downstream  free  jet. 

On  the  axis  at  the  nozzle  exit,  a  fairly  good 
experiment/modeling  agreement  is  obtained  on  velocity, 
but  computations  underestimate  by  about  30  %  the 
translational  temperature  and  overestimate  by  more  than 
cme  order  of  magnitude  the  NO  number  density  [13]. 
Similar  results  have  been  obtained  in  the  F4  hot  shot  wind 
tunnel.  In  fact,  to  explain  experimental  results,  a  much 
higher  recombination  rate  of  O  atoms  than  the  one  given 
currently  in  the  literature,  would  be  necessary.  Then,  to 
improve  the  experiment/modeling  comparison, 


complementary  measurements  of  the  O  concentration 
would  be  of  great  interest. 

6.6.  Study  at  the  TCM2  shock  tube  -  Marseille 

A  measurement  campaign  was  carried  out  during  last 
summer  on  TCM2  free  piston  facility  in  Marseille  (IUSTI- 
Universitfi  de  Provence).  The  main  purposes  of  this 
campaign  were  first,  to  prove  the  cleanness  of  the  flow 
during  the  useful  gust,  and  second  to  measure  the  density 
of  nitrogen  monoxide  in  the  bow  shock  layer  in  front  of  a 
2D  model.  The  challenge  was  to  excite  nitrogen  monoxide 
and  to  record  the  fluorescence  image  on  an  intensified 
CCD  camera  in  the  range  of  0.3  ms  corresponding  to  the 
useful  gust.  Results  and  details  are  presented  at  this 
conference  in  the  paper  [14], 


7.  CONCLUSION. 

From  numerous  experiments  performed  in  the  wind 
tunnels  available  at  CORIA  and  on  industrial  sites,  it  is 
pointed  out  that  the  measurement  techniques  developed  at 
CORIA,  and  always  under  development,  are  well  adapted 
to  carry  out  information  on  the  flow  parameters  during 
reentry  conditions  of  different  planetary  atmospheres.  It  is 
also  pointed  out  that  in  parallel  to  experiments,  the 
experiments  /  numerical  simulations  comparisons  are 
needed  to  improve  the  understanding  of  the  aerodynamic 
behavior  and  chemical  processes  in  planetary  reentry 
condition. 
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SUMMARY 

The  requirements  for  accurate  measurements,  the 
higher  sophistication  in  the  design,  the  need  for 
monitoring,  control  and  diagnostics  in  difficult 
circumstances  and  the  request  for  data  bases  to  validate 
numerical  codes  have  incited  the  advanced  measurement 
techniques  to  the  investigation  of  ground  test  facilities. 

This  lecture  presents  an  experimental  work  and  the 
results  obtained  by  Laser  Induced  Fluorescence  (LDF)  in 
continuous  high  enthalpy  supersonic  airflows.  The  test 
campaign  is  performed  at  the  Central  Research  Institute  of 
Machine  Building  (Tsniimach,  Moscow  region)  in  ground 
experimental  facilities  designed  for  aerodynamics  and  heat 
transfer  studies  of  supersonic  and  hypersonic  aircrafts.  The 
main  objective  of  this  test  campaign  was  to  perform 
measurements  of  species  concentrations,  temperature  and 
velocity  in  the  incoming  flow,  and  in  the  boundary  and 
shock  layers  over  a  Thermal  Protection  System  (TPS) 
model  simulating  a  misalignment  of  tiles,  by  means  of 
techniques  developed  by  the  plasma  team  from  the 
University  of  Rouen.  So,  an  original  method  using  LIF 
diagnostic  has  been  implemented  to  measure 
simultaneously  the  three  parameters.  Fluorescence  of  NO 
was  induced  in  the  high  enthalpy  air  plasma  flow  by  a 
tunable  ArF-excimer  laser  via  the  e-band 
system  D2!^.^  4- X2II(v,.=1).  Measurements  of  the 

rotational  temperature  and  NO  number  density  have  been 
performed.  The  spatial  resolution  of  the  LIF  technique 
permitted  accurate  characterization  of  the  boundary  and 
shock  layer,  as  well  as  shock  thickness.  Finally,  flow 
velocity  is  deduced  from  the  Doppler-shift  measurements 
of  excited  rovibrational  NOe  band.  Analysis  of  the  results 
will  allow  to  assess  the  validity  of  the  computational  tools 
in  order  to  control  the  representativity  of  future  industrial 
tests  devoted  to  local  aerodynamic  studies. 


1.  INTRODUCTION 

Re-entry  trajectories  for  spacecrafts  include  large 
regions  where  the  flow  surrounding  the  vehicle  is  in  high 
thermo-chemical  non-equilibrium  and  behaves  differently 
from  a  perfect  gas.  Molecules  become  vibrationally 
excited,  dissociated  and  even  ionized,  and  the  hot  gas  may 
emit  or  absorb  radiation.  When  the  atoms  produced  by 
dissociation  reach  the  wall  surface,  chemical  reactions, 
including  recombination,  may  occur.  The  thermo-chemical 
phenomena  of  vibration,  dissociation,  ionization,  surface 
chemical  reaction  and  radiation  are  referred  to  commonly 
as  a  high-temperature  real-gas  phenomena,  and  thus 
induce  changes  in  the  dynamic  behavior  of  the  flow  and 
provide  a  strong  and  complex  gas/surface  interaction.  To 
develop  and  verify  phenomenological  models,  as  well  as 
to  validate  high  enthalpy  flows  with  CFD  (Computed 
fluids  Dynamics)  tools,  ground  test  facilities  are  required 
to  generate  such  reacting  gas  flow  over  configurations  of 
interest,  and  have  to  be  implemented  with  sufficient 
diagnostics  to  describe  the  character  and  behavior  of  the 
flow.  Although  ground  facilities  have  serious  limitations  in 
simulating  full-scale  flight  conditions,  they  are  capable  of 
examining  selected  aspects  which  are  expected  to  be  vital 
to  success  in  the  full-scale  flights,  then  offer  the  advantage 
of  observations,  such  as  optical  flow  visualization,  which 
are  not  realistic  in  real  flight. 

Fine  measurements  in  high  enthalpy  flows  represent  a 
technological  challenge  and  research  is  done  in  this  way  to 
develop  new  methods  and  new  instruments  to  probe  the 
physical-chemical  and  aerodynamics  states  of  re-entry 
plasmas.  So,  in  the  purpose  of  the  framework  of  the 
Hermes  program,  to  validate  and  improve  CFD  tools, 
experimental  test  cases  has  been  planned  on  high  enthalpy 
flows  generated  in  different  facilities  of  the  Tsniimach 
Institute. 
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In  the  test  campaign  conducted  in  the  Tsniimach 
Center,  Hermes  flight  conditions  at  altitude  50  km  and 
Mach  15  has  been  covered  in  different  continuous 
supersonic  high  enthalpy  air  flow  ground  test  facilities.  As 
real  flight  requirements  are  not  fulfilled  at  the  whole  for 
chemistry  and  aerodynamic  studies,  the  strategy  adopted 
was  to  work  on  different  facilities  of  which  experimental 
conditions  satisfy  as  much  as  possible  the  relevant 
problem  of  interest  to  validate  and  improve  the  numeric 
tools  upon  fixed  flight  conditions.  The  TT1  arc  jet  facility 
and  a  high  frequency  facility  (Y13PHF-plasmatron)  were 
devoted  respectively  to  local  aerodynamics  problems 
arising  in  supersonic  high  temperature  flow  and  physico- 
chemistry  phenomena  encountered  in  reactive-flow  / 
surface  interaction.  The  aim  of  the  complete  program  was 
twofold.  First,  to  improve  reliable  data  for  validation  of 
chemical  non-equilibrium  shock  and  boundary  layer  and 
Navier-Stocke  codes  to  compute  a  new  test  case  of 
supersonic  air-heated  flow  impinging  on  a  TPS  surface, 
and  second  to  point  out  the  potentiality  of  the  LIF 
technique  for  instrumentation  of  continuous  high  enthalpy 
facilities. 

The  lecture  is  intend  to  present  the  LIF  diagnostic 
tools  developed  for  application  to  this  specific  study,  to 
highlight  its  advantages  and  weaknesses,  and  to  illustrate 
it  with  an  experiment  performed  in  an  industrial 
environment.  Before  discussion  on  the  experimental  work 
is  given,  the  general  feature  of  the  implemented  facility 
and  generalities  on  LIF  measurements  will  be  presented. 

In  the  state  of  the  art,  the  results  presented  here  are 
drawn  from  LIF  experiments  performed  on  the  TT1  arc  jet 
facility  for  studies  on  the  aerodynamic  properties 
encountered  in  high  temperature  air  flow  impinging  a 
shaped  model  designed  for  simulate  a  misalignment  of 
tile.  The  ground  test  facility  has  been  implemented  by  LIF 
technique  to  draw  measurements  of  NO  density,  rotational 
temperature  and  velocity  evolutions  of  the  medium. 
Experiments  are  performed  by  means  of  a  ArF-excimer 
laser  in  free  jet  as  well  as  in  numerous  test  sections  within 
the  boundary  and  shock  layer  down  to  the  TPS  surface 
model. 


2.  DIAGNOSTIC  BASED  ON  LASER  INDUCED 
FLUORSCENCE 

2.1  Generality 

The  early  development  of  Laser  Induced 
Fluorescence  (LIF)  method  was  driven  by  single-point 
measurements,  but  application  of  LIF  as  non-intrusive 
method  to  probe  complex  flows  in  a  short  time  exposure 
has  been  dominated  by  multi-point  planar  imaging.  Planar 


Laser  Induced  Fluorescence  (PLIF)  may  be  considered  as 
an  advanced  method  of  flow  visualization.  In  common 
with  methods  such  as  Schlieren  and  Shadowgraph,  the 
planar  LIF  is  extremely  used  for  quantitative  and 
qualitative  or  semi-qualitative  characterization  of  complex 
flow  fields,  providing  spatially  resolved  information  in  a 
plane  rather  than  integrated  over  a  line-of-sight.  The  LIF 
has  been  extensively  developed  in  the  characterization  of 
combustion  processes  and  flames  diagnostics  for 
temperature  and  radical  species  measurements.  The  great 
capacity  of  LIF,  which  lies  both  to  the  strength  of  the 
fluorescence  process  and  to  the  selectivity  of  species 
detection  has  demonstrated  its  applicability  in  high 
temperature  medium  under  drastic  pressure  conditions 
associated  with  high  enthalpy  flow  simulations.  Well 
adapted  to  probe  non-equilibrium  airflow  such  as  those 
generated  in  ground  test  facilities,  LEF  has  become  a 
powerful  diagnostic  tool  for  physico-chemical  and 
aerodynamic  property  studies. 

Laser  Induced  Fluorescence  is  the  result  of  light 
emission  incoming  from  an  atom  or  a  molecule  excited  by 
a  laser  beam.  In  a  LEF  measurement,  the  molecule  is 
initially  at  its  lower  electronic  state  before  it  is  excited  to 
an  upper  electronic  energy  level  by  a  laser  source.  When 
the  beam  is  directed  into  the  gas,  the  molecule  absorbs  a 
laser  photon  and  undergoes  transition  from  the  populated 
electronic  ground  state  to  an  upper  electronic  state  of  the 
absorbing  species.  The  wavelength  of  the  laser  excitation 
needs  to  be  tuned  in  coincidence  with  an  absorption 
transition  of  the  molecule  of  interest.  Typically,  the  lower 
states  probed  are  depending  from  the  broadening  of  the 
excitation  wavelength  and  correspond  either  to  a  single  or 
to  a  set  of  rovibrational  levels  of  the  ground  electronic 
state.  Then,  the  originally  upper  populated  states  return  to 
lower  states  of  the  ground  state  by  radiative  process  in 
agreement  with  the  selection  rules  and  collisional 
processes,  fluorescence  and  collisional  quenching 
respectively. 

The  emitted  fluorescence  signal  is  detected  at  right 
angle  from  the  incident  laser  beam  pathway  either  onto  a 
high-speed  photo-multiplier  (spot  measurement)  or  a  CCD 
intensified  camera  (ID  or  2D  planar  measurement). 

When  the  excitation  wavelength  of  the  laser  could  not 
be  tuned  on  the  absorption  band  of  single  species  of  a 
complex  mixture,  the  selectivity  of  species  can  be  done  in 
detection,  by  tuning  the  spectral  resolution  through 
spectral  filter  (or  monochromator),  on  the  selected 
fluorescence  signal  of  species  of  interest. 

The  fluorescence  intensity  provides  information  on 
the  concentration  of  the  emitting  species.  For  quantitative 
interpretation  of  LIF  experiment,  a  model  involving  the 
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population  and  competitive  depopulation  mechanisms  is 
required. 

In  the  following  section,  we  will  describe  the  basic 
physical  processes  involved  in  LIF  experiment.  First,  a 
simplified  two-level  model  will  be  presented,  then 
extended  to  a  multi-levels  model.  The  second  part  will  be 
devoted  to  the  development  of  the  method  for 
simultaneous  measurement  of  temperature,  species 
concentration  and  velocity  by  LIF  on  NO  in  high  enthalpy 
airflow.  The  calibration  process  associated  will  be 
presented  to  draw  the  absolute  values  of  the  measured 
flow  properties.  Finally,  results  from  experiments  on  TT1 
will  be  presented. 


2.2  Simplified  two  level  model 

The  two-level  model  illustrates  the  principal 
mechanisms  involved  in  LIF  of  molecular  species  and 
allows  to  point  out  the  important  processes  following  its 
excitation  by  a  monochromatic  laser  source.  This  model  is 
a  simplified  one,  and  considers  a  single  lower 
rovibrational  level  probed  by  the  monochromatic  radiation 
and  the  upper  excited  level  populated  by  absorption  and 
depopulated  by  spontaneous  emission  (fluorescence), 
stimulated  emission  and  collisional  quenching  rate.  The 
model  doesn’t  take  into  account,  neither  the  complete  set 
of  rotational  levels  involved  by  the  selection  rules  at 
excitation,  nor  the  complete  fluorescence  de-excitation 
observed  from  the  upper  excited  vibrational  level  down  to 
the  various  vibrational  levels  of  the  ground  state. 

Let  us  Uv,  the  spectral  density  energy  of  the 
incident  laser  radiation  corresponding  to  a  transition  of  the 
molecule,  from  the  rovibrational  level  (E,,  N„  v,)  of  the 
lower  electronic  state  to  the  rovibrational  level  (E2,  N2,  vj 
from  the  upper  electronic  excited  state.  Let  us  the  total  gas 
number  density  is  given  by  N0=N,+N,. 
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The  dynamic  to  populate  the  upper  excited  state  N2  is 
driven  as  follow 

Absorption  (N.B^LL):  the  molecule  absorbs  a 
photon  whose  energy  hv  corresponds  to  the  suitable 
transition  E2-E,.  Increasing  of  the  N,  population  is 
proportional  both  to  the  N,  population  density  of  the  lower 
state  and  to  the  laser  intensity. 

-  Spontaneous  emission  (N2A,,):  the  originally 
populated  level  N2  return  to  the  lower  fundamental 
rovibrational  state  and  light  is  emitted  first  at  the  same 
wavelength  than  the  excitation  laser  radiation  (resonant 
fluorescence). 

-  Stimulated  emission  (N2B21UV):  the  molecule  can  be 
returned  to  its  original  quantum  state  by  laser  induced 
stimulated  emission.  This  process  is  observed  in  the  same 
direction  as  the  light-of-sight  of  the  incident  laser  beam, 
on  the  contrary  to  the  spontaneous  emission  or 
fluorescence,  which  can  be  detected  in  the  4k  steradians. 

-  Quenching  (N2Q21):  this  non-radiative  de-excitation 
process  is  imputed  to  the  inelastic  collisions  with  other 
molecules  which  results  in  electronic  energy  transfers 
between  the  different  electronic  states  of  the  molecule. 

The  Einstein  balance  of  population  and  de¬ 
population  of  the  N2  upper  excited  rovibrational  level 
excited  by  laser  radiation  is  expressed  by  the  differential 
equation: 

-N2B,f/v  -Q,,)  (1) 

dt 

A,,=  Einstein  coefficient  for  spontaneous  emission 
(fluorescence  emission) 

B12=  Einstein  coefficient  for  stimulated  absorption 
B21=  Einstein  coefficient  for  stimulated  emission 
Q,,=  the  collisional  transfer  coefficient  or  quenching 
Uv=  the  spectral  energy  density  of  the  laser  source 
The  Einstein  balance  includes  the  fluorescence  emission 
and  quenching  terms,  which  depend  from  the  selection 
rules  existing  between  an  excited  rotational  level  (NJ  and 
the  rotational  levels  of  the  ground  state. 

With  assumption  that  at  t=0  the  N,  level  is  not  populated, 
and  fhan  uv  (t)  =  Cte ,  the  solution  of  the  differential 

equation  is  given  as: 

NR  ri  H  _,-(<Bl24-S21>£,v+'S21+2ll)r) 

N2  (0  =  .1 - >-  (2) 

(#12  +  ®21  W  w  +  ^21  +  Qi  1 

Depending  on  the  pulse  laser  intensity  and  in  regard  to  the 
characteristic  time  x,  function  of  the  intrinsic  parameters 
of  the  molecule,  the  quenching  rate  and  the  energy  density 
of  the  excitation  source, 

r  =  ((®12  +^2l)^v  +^2I  +Qz\)  1  (3) 

the  equation  of  N,(t)  can  be  rewritten  as: 


Fig(l):  The  two-level  model 
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N2(t)  =  N,BnUv^-r"^) 


(4)  2.3  Multi-levels  model 


For  the  limiting  case  corresponding  First  to  a  low  laser 
intensity  or  linear  fluorescence  regime  given  by 


U<U™=^- 


®12  +  ^21 


(5) 


and  assuming  a  pulse  duration  shorter  than  the 
characteristic  time  t,  the  N2  population  can  be  considered 
as  stationary  and  expressed  as: 

N2=NxBnUv  (6) 


Finally,  the  fluorescence  signal  detected  can  be  expressed 
as: 

P2?°~N2A2iecVclLhv  (7) 

4  n 

where  £c,  Vc,  Qc  are  constants. 

ec  is  a  calibration  constant,  including  the  transmitivity 
characteristics  of  optics  and  the  sensitivity  of  the  detector, 
in  the  spectral  range  of  the  detection  of  interest. 

Vcis  the  volume  of  gas  probed  by  the  laser. 

£2,is  the  solid  angle  in  collection. 


From  the  measurement  of  the  fluorescence  signal  and  from 
knowledge  of  the  emission  probabilities  of  the  emitting 
level  considered,  population  of  the  upper  excited  level 
may  be  determined.  With  assumption  of  equilibrium  at  the 
temperature  T,  the  Boltzmann  equation  will  provide  the 
total  ground  state  population  of  the  molecule. 

The  two-level  model  developed  above  is  extended  to 
the  general  analysis  to  express  the  fluorescence  signal  in 
different  experimental  situations,  depending  from  the 
order  of  magnitude  of  the  quenching  term  Q,,  in  regard  to 
the  Einstein  coefficient  for  spontaneous  emission  Aj„  and 
depending  from  the  intensity  and  pulse  laser  duration. 
Because  rotational  energy  transfer  process  (RET)  acts  to 
replenish  the  population  of  the  laser  excited  states  and  at 
the  opposite  acts  to  drain  the  population  from  the  laser- 
populated  states  to  lower  states,  they  have  to  be  considered 
in  the  collisional  quenching  rate. 

-  In  a  weak  energy  density  laser  excitation  with 
(5[,  +b21)uv  «2t21  +g2i ,  the  fluorescence  emission  is 
described  simply  with  identical  assumptions  than  the  two- 
level  model,  and  fluorescence  emission  simplifies  to: 

P*™  ~  N,BrUv  — ^ — 

Au+Qu 

If  the  quenching  rate  is  in  the  same  order  of  magnitude  or 
greater  than  the  radiative  one,  then  it  is  possible  to 
measure  directly  the  temporal  evolution  of  the 
fluorescence  to  extrapolate  the  quenching  term.  In  the 
opposite,  for  to  stronger  quenching  rate  it  had  to  be 
compared  to  the  laser  pulse  duration. 


For  diatomic  molecules,  the  simplified  two-level 
model  is  not  expected  to  be  widely  applicable  to  take  into 
account  the  rotational  and  vibrational  energy  redistribution 
(RET  and  VET).  Molecular  models  including  three  or 
four-levels  have  been  developed  to  expressed  the  rapid 
coupling  between  rotational  and  also  vibrational  levels. 
However  uncertainty  persist  in  such  model,  because  of  lack 
of  reliable  data  between  levels  involved  in  the  fluorescence 
scheme  of  interest,  and  because  quantitative  detection  of  a 
single  radical  species  by  LIF  therefore  requires  an 
enormous  amount  of  information  on  collisions  process. 
The  RET  and  VET  are  generally  approximated  by  a  mean 
value  averaged  for  a  set  of  rotational  and  vibrational  levels 
and  more  often  compared  to  the  electronic  quenching  term. 
Since  the  energy  spacing  between  rotational  and 
vibrational  levels  are  closed  to  the  translational  energy  of 
heavy  particles,  the  RET  and  VET  are  more  efficient  than 
the  electronic  one,  and  remains  the  predominant  process. 
Since  the  fast  redistribution  of  the  rovibronic  levels 
between  neighboring  state  takes  place,  the  history  of  the 
excited  level  is  lost  in  the  fluorescence  spectrum  and  lines 
are  not  necessary  redistributed  with  a  Boltzmann 
distribution. 

The  rotational  (RET)  and  vibrational  (VET) 
redistributions  with  neighbouring  levels,  in  which  inelastic 
collisions  with  the  other  molecules  of  the  medium  produce 
internal  rotational  and  vibrational  energy  transfers  of  the 
molecule.  We  have  to  note  that,  the  difficulty  of  LIF 
measurement  remains  in  the  absolute  value  determination 
of  species  density  and  is  mainly  imputed  to  this  quenching 
term.  Its  value  is  highly  depending  from  the  collisional 
partners,  temperature  and  pressure  conditions,  and  is 
usually  difficult  to  estimate  and  not  well  known  for 
complex  experimental  working  conditions. 

In  the  model,  the  term  of  pre-dissociation,  related  to  a 
change  from  a  stable  electronic  state  to  a  repulsive 
unstable  one,  has  not  been  taken  into  account.  Observed 
for  some  molecules  excited  with  a  high-energy  laser 
source,  the  pre-dissociation  is  a  non-radiative  process, 
which  can  compete  highly  with  the  fluorescence  emission. 
It  is  commonly  imputed  to  interactions  between  atoms  of 
the  molecules  with  production  of  internal  energy  transfer 
following  by  the  dissociation  of  the  molecule.  The 
molecules  pass  from  an  electronic  excited  state  to  the 
Continuum  State  of  a  neighbouring  electronic  state  with 
the  same  or  thermally  accessible  energy  level.  The  pre¬ 
dissociation  rate  is  shorter  than  the  quenching  rate.  So,  for 
a  quantitative  measurement  of  species  concentration,  it  ids 
necessary  to  determine  the  quenching  value. 
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2. 4  Quantitative  measurements  and  calibration 

The  calibration  of  fluorescence  signal  to  provide 
the  absolute  value  of  concentration  is  obtained  by 
comparison  between  fluorescence  light  intensity  of  the 
molecule  of  interest  and  the  Rayleigh  scattering  light 
recorded  in  a  reference  medium  whose  temperature  and 
total  density  are  well  determined. 


For  a  gas  mixture,  the  formulation  of  the  Rayleigh 
scattered  cross  section  may  be  expressed  as: 

crayleigKv°) =^xrttigh  (10) 

with 

-  k  the  number  of  species  present  in  the  gas  mixture. 

-  &  is  the  mole  fraction  of  each  species  k  (ZXi=l). 

-  okiv„Rvldtfl  its  associated  Rayleigh  cross  section. 


2.4.1  Rayleigh  scattering 

The  fundamental  principle  governing  the 
Rayleigh  scattering  is  that  the  elastic  collisions  between 
gas  molecules  and  incident  laser  light.  The  scattered  light 
has  the  same  wavelength  as  the  incident  light.  The 
scattered  light  signal,  in  general,  is  directly  proportional  to 
the  laser  power,  the  gas  density  and  a  differential  cross- 
section  on  the  gas  that  is  probed.  For  experiments  with 
Rayleigh  scattering  detected  at  90°  in  the  direction 
perpendicular  to  the  incident  laser  beam  pathway  and  a 
minimized  scattering  volume  defined  by  the  intersection 
of  the  incident  laser  beam  (polarized  perpendicular  to  the 
detection)  and  the  image  of  the  aperture  placed  in  front  of 
the  collection  device,  the  Rayleigh  scattering  signal 
P^*  is  given  as: 


prayleigh  _ 


(8) 


with 

-  ec,  Vc  and  Qc  are  calibration  constant,  respectively 
the  efficiency  of  the  collection  device,  the  volume  of 
gas  probed  by  the  laser  and  the  solid  angle  in 
collection. 

-i  =Elaser/s=  incident  laser  intensity  (W.cm2), 

vo  % 

expressed  by  the  ratio  of  laser  energy  at  v0  with 
section  of  the  laser  beam. 

-NRef=  Pj4„/RT,  the  total  number  density  of  the  gas 
molecule  (cm  3)  related  to  the  pressure,  temperature 
and  Avogadro’s  number:  i4o=6.023  1023 

molecules.mol 


The  iexmarayUi8h(yo)  is  the  differential  Rayleigh 
scattering  cross  section  given  by: 

ffrayleigh(y0 )  (9) 

with 

n  =  the  real  part  of  the  refractive  index  of  the  gas. 
N  =  the  molecular  number  density. 

6  =  the  scattering  angle  for  detection 


2.4.2  Fluorescence  de-excitation 
In  a  complete  radiative  de-excitation  scheme,  it  will  be 
consider,  first  the  summation  on  the  numerous 
rovibrational  levels  involved  by  the  selection  rules  at 
excitation  then  at  de-excitation  (rotational  branches  P,  Q, 
R  ...)  which  participate  to  the  radiative  de-excitation 
according  to  the  allowed  selection  rules  from  the  upper 
excited  rovibrational  state  to  a  single  ground  rovibrational 
state),  and  second,  the  summation  on  the  numerous 
vibrational  levels  involved  (Av=0,±l,2),  from  the  upper 
excited  vibrational  level  down  to  the  numerous  vibrational 
level  of  the  ground  state: 

A°=xix*r  aw 

Av  * 

For  most  experiments  and  in  presence  of  a  gas 
mixture,  different  species  or  molecules  may  be  excited  at 
the  same  wavelength  with  the  excitation  source.  The 
fluorescence  resulting  has  to  be  filtered  to  allow  a  separate 
analysis  of  the  different  species  present  in  the  medium  of 
interest.  The  use  of  a  selective  band-pass  filter  allows  to 
limit  the  spectral  range  in  detection  to  a  single  vibrational 
de-excitation  corresponding  to  a  selected  molecule  and 
then  provide  a  selective  analysis  of  the  medium.  For  the 
molecule  of  interest,  the  intensity  of  fluorescence  is  then 
given  as: 

pT=x*T  <12> 

Nz 


The  ratio  of  pt{l“JlP£vuo  is  inversely  proportional  to  the 

ratio  of  the  vibrational  emission  probabilities  between  the 
vibrational  level  considered  and  all  the  vibrational  levels 
participating  to  the  global  radiative  de-excitation  of  the 
molecule  of  interest. 

2.4.3  Fluorescence  cross-section 
In  this  section,  let  us  consider  only  that  the 
intensity  of  fluorescence  is  depending  to  a  single  rotational 
transition  of  the  molecule,  from  the  upper  excited 
vibrational  level  to  a  single  rovibrational  i-level  of  the 
ground  state.: 

pfuo  =  ecVc-^hvN2A-,i 

2i  c  4t:  2 


(13) 
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Considering  the  particular  transition  between  the 
lower  (E,,  N,)  and  the  upper  (E2,  NJ  rotational  leve,  the 
absorption  process  induced  by  the  laser  radiation  and 
expressed  by  the  Einstein  balance  between  the  de¬ 
populated  of  lower  rotational  state  and  the  populated  upper 
rotational  states  is  given  by: 

(?)  =Wv12  (14) 

with  UV12  the  spectral  density  energy,  so  that  hv12=  E2-E, 
and  B12  the  Einstein  absorption  coefficient  of  the  transition 
considered. 


With  assumption  of  the  drift  movement  of  particles  carry 
out  with  disorderly  velocities  and  according  a  Maxwell 
velocity  distribution,  line  are  Doppler  broadened  and  the 
cross  section  profile  of  the  excited  transition  may  be 
described  by  a  gaussian  shape  such  as: 


with  a^’  the  total  absorption  cross  section,  aff’ty)  the 


monochromatic  absorption  cross  section,  and  a$\v 12)  the 
absorption  cross  section  value  on  the  center  line.  SvD  is  the 

Doppler  broadening  SvD=vIJml'12.  and  c  is  the  speed  of 

I  me 


light. 


Let  us  U^=Cte,  the  spectral  energy  density  of  the  radiative 


excitation,  the  differential  equation  related  to  the  photon 
absorption  process  in  the  spectral  range  v,v+5v  can  be 
expressed  as: 


dt 


clL  .  Uv 
„  hv  hv 


(17) 


With  integration  in  the  spectral  range  of  v,  v+Av  of  the 
absorbing  transition,  the  populated  upper  N2-level  by 
photon  absorption  can  be  rewritten  as: 


(18) 

The  comparison  with  the  Einstein  balance  equation  thus 
provides  the  relationship  between  the  absorption  cross 
section  and  the  Einstein  coefficient  for  the  transition  of  the 
molecule  of  interest: 


From  relations  between  Einstein  coefficients  and 
degeneracy  between  the  two  levels  involved  in  the 
transition: 


D  _®2  d  _®2  c 

- r- 

®i  8nfcv r2 


Finally,  the  absorption  cross  section  is 

<*f(v12)=^44 -4 1ft 

®i  V[32  ^47^  JISkT 


Am 

expressed  as: 


(20) 

(21) 


2.4.4  Calibration  method 


The  calibration  method  for  absolute  concentration 
measurement  is  provided  by  the  ratio  of  the  intensity  of 
fluorescence  of  the  molecule  probed  with  the  Rayleigh 
intensity  of  a  reference  gas  mixture  probed  in  the  same 
experimental  condition.  Both  measurement  is  performed 
assuming  ,  a  given  operating  condition  for  the  exciting 
source  and  identical  optical  setup  and  detection  device. 
With  such  operating  conditions,  the  incident  laser 
radiation  1^,  the  transmitivity  of  optical  setup  ec,  and  the 
size  and  probed  volume  VcOt  are  constants,  and  are  ruled 
out  in  the  expression  of  the  ratio  of  fluorescence  with 
Rayleigh  given  by: 


pflao 

_ 21 

prayleigh  (v0) 


^21° 

v  rayleigh  (V0) 
Ref  & 


The  ratio  p$°i is  experimentally  measured.  The 
term  NRtfarayle,gh  is  calculated  for  the  calibration 


medium  used  as  the  reference  medium.  The  term  <y^f°  is 

the  fluorescence  cross  section  and  can  be  calculated  easily 
from  the  absorption  cross  section  term.  is  the  unknown 
parameter  to  determine.  The  term  a  is  a  constant. 


The  variations  of  the  Rayleigh  scattered  light  signal  are 
the  result  of  the  mixture  number  density  (i.e.  the  variation 
of  temperature  or  pressure  or  both)  or  the  species 
variations,  or  even  both.  Hence,  an  unambiguous 
interpretation  of  the  Rayleigh  scattered  light  signal 
requires  that  experiment  has  to  be  conducted  in  reference 
mixture  for  which  the  term  NRcfarayleigh<y°')  is  well 

known.  The  ratio  of  intensities  given  above  is  expressed 
for  a  single  transition  and  a  monochromatic  detection. 
Depending  on  the  spectral  range  at  excitation  and 
detection  of  fluorescence,  the  term  have  to  be 

summed  on  all  the  rovibronic  considered. 


2.5  Temperature  measurement  with  LIF 
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With  density  measurement,  the  temperature  is  one 
of  most  important  flow  parameters  to  be  determined  for 
simulation  of  kinetic  processes  with  numerical  models  and 
comparisons  between  model  predictions  and  experimental 
test  case.  One  of  the  advantages  of  LIF  is  that 
measurement  of  number  density  and  temperature  may  be 
performed  together  with  the  same  spatial  resolution  at  the 
location  of  the  measurement  point. 

The  rotational  temperature  is  determined  from  the 
relative  intensity  of  less  two  rotational  lines  within  a 
molecular  band  with  assumption  of  Boltzmann 
equilibrium.  At  the  opposite  of  number  density 
measurement,  the  temperature  value  is  drawn  from 
comparison  of  the  relative  experimental  lines  ratio  with  the 
calculated  one  by  means  of  synthetic  spectra  computed  at 
different  temperatures.  For  lines  recorded  with  the  same 
operating  experimental  conditions,  no  information  on  the 
size  of  the  probed  volume  and  detection  solid  angle  are  to 
be  known.  Accuracy  of  the  measurement  will  be  provided 
by  accuracy  of  the  synthetic  spectrum,  the  knowledge  of 
the  exact  excitation  laser  radiation,  the  lines  involved  in 
the  fluorescence  process  (energy  spacing  between 
rotational  level,  transition  probability,  quantum  yield...) 
and  spectral  range  in  detection.  Whatever  the  excitation 
source  used,  the  two  levels  model  presented  above  has  to 
be  completed  to  include  the  selection  rules  between  the 
rovibrational  levels  involved  at  excitation  and  de¬ 
excitation,  to  take  into  account  the  possible  overlapping  of 
lines. 

For  two  levels  involved,  the  temperature  is  drawn  from 
the  ratio  of  the  relative  intensity  of  the  two  lines,  but  for 
several  lines  involved,  more  accuracy  can  be  obtained  from 
the  semi-logarithmic  Boltzmann  plot  of  fluorescence 
intensity  weighted  by  the  Einstein  transition  probability  Pk 
and  degeneracy  gk  of  the  considered  k  levels,  versus  its 
energy  E*: 

The  accuracy  on  the  temperature  value  will  depend 
first,  on  the  energy  spacing  between  the  rotational  levels 
involves  and  on  the  relative  rovibronic  population  in 
regard  to  the  medium  temperature.  Secondary,  it  will 
depend  on  the  radiative  process  observed  in  detection:  i.e. 
either  radiation  from  an  excitation  spectrum  or  from  a 
fluorescence  spectrum. 

For  a  broadband  laser  excitation  (i.e.  fluorescence 
spectrum),  numerous  rovibronic  transitions  are 
simultaneously  excited  from  the  low  energy  states  to  the 
upper  excited  one  according  to  the  selection  rules  of 


individual  excited  transition.  The  lines  intensity  ratio  is 
drawn  from  the  fluorescence  spectrum  spectrally  resolved 
through  a  high  resolving  monochromator  set  at  a  selective 
Av  vibrational  fluorescence  de-excitation.  By  this  way,  the 
temperature  is  measured  from  the  upper  excited  state  and 
is  greatly  dependant  from  the  population  equilibrium  of 
this  level  by  the  RET  process.  Accuracy  on  the 
temperature  will  then  depend  on  the  efficiency  of  the  RET 
to  provide  a  Boltzmann  distribution  on  the  upper  excited. 

The  use  of  a  single  laser  source  working  in  broadband 
at  excitation  and  coupled  in  detection  with  a 
monochromator  and  a  CCD  camera  allows  to  perform  a 
lD-temperature  measurement  on  a  light  of  sight  of  the 
laser  beam  if  assumption  of  efficient  RET  is  done.  The  2D 
description  of  the  CCD  camera  is  thus  devoted,  in  one 
direction  along  the  beam  pathway  for  the  spatial  resolution 
of  the  medium,  and  in  the  second  direction  for  the  spectral 
resolution  through  the  monochromator. 

For  a  narrow  band  excitation  (excitation  spectrum), 
the  laser  is  tuned  separately  on  the  maximum  peak 
intensity  of  each  rovibronic  transition  of  interest  and  thus 
provides  the  spectral  resolution  at  excitation.  In  detection 
an  excitation  spectrum  is  recorded  for  both  rovibronic 
transition  considered.  Without  filtering,  the  complete 
radiative  de-excitation  depends  only  on  the  lower 
rovibronic  state  excited  by  the  laser  radiation,  and  thus  on 
the  population  equilibrium  of  the  ground  state. 

In  case  of  short  run  duration  of  the  test  facilities,  the 
two-line  thermometry  is  used  to  probe  simultaneously  the 
maximum  intensity  of  two  rotational  lines  from  the  same 
excited  vibrational  level.  This  method  is  commonly  used 
for  planar  temperature  field  determination  with  a  CCD 
camera  (or  for  spot  temperature  measurement  with  two 
photo-multipliers  tuned  on  each  line).  However  and  as  a 
general  rule,  it  required  to  focus  at  the  same  location  two 
planar  laser  beams  tuned  respectively  on  the  maximum 
peak  intensity  of  each  transition  of  interest,  with  an 
identical  energy  density.  Accuracy  on  the  temperature 
determination  thus  depends  mainly  from  accuracy  of  the 
excitation  wavelength  in  regard  to  the  rovibrational  lines 
selected.  In  the  case  of  weak  or  strong  laser  excitation 
(non-saturated  or  saturated  LIF),  the  fluorescence  signal  is 
solely  dependant  from  the  initial-ground  state  populations 
which  may  be  assumed  as  function  of  the  temperature 
alone  (i.e.  ground  state  populated  with  a  Boltzmann 
distribution).  In  the  intermediate  case,  between  weak  and 
strong  laser  excitation,  the  transitions  are  only  partially 
saturated  and  uncertainties  on  temperature  may  provide 
from  the  ratio  of  intensity. 
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The  detection  limit  of  a  photo-multiplier  being  in 
some  order  of  magnitude  lower  than  the  detection  limit  of 
a  CCD  camera,  the  use  of  a  single  spot  measurement  is 
preferred  in  medium  with  low  absorbing  properties  or  with 
low  number  density.  Add  to  the  wish  to  increase  the  signal 
to  noise  ratio,  the  single  spot  LIF  is  commonly  used,  when 
difficult  experimental  geometry  conditions  doesn’t  allow 
to  implement  the  ground  test  facility  or  the  medium  with 
planar  diagnostic.  This  implies  that,  for  short  run  duration 
of  the  facility  or  non-continuous  flow,  the  temperature 
measurement  can  be  achieved  with  two  wavelength 
excitations.  For  continuous  facility,  the  problem  is  less 
drastic.  With  assumption  that  the  medium  is  in  stationary 
state,  the  use  of  a  single  excitation  laser  source  may  be 
conceivable.  Here,  the  temperature  measurement  is 
obtained  from  an  excitation  spectrum.  The  excitation 
wavelength  of  the  laser  is  tuned  twice,  respectively  on 
each  of  two  absorbing  transitions  considered  and  ratio  of 
line  intensities  drawn  from  the  excitation  spectrum 
recorded  through  a  spectral  band-pass  filter  set  at  a  fixed 
Av  vibrational  de-excitation  sequence.  As  it  has  been 
noted  here  above,  accuracy  on  the  maximum  peak 
intensity  determination  will  depend  essentially  from  the 
accuracy  of  the  excitation  wavelength  spectral  tuning.  As 
it  is  not  so  easier  to  scale  the  maximum  peak  intensity  of 
the  monochromatic  exciting  radiation  together  with  the 
absorbing  line,  the  two  absorbing  lines  chosen  for  the  ratio 
will  be  both  spectrally  described  by  tuning  the  laser 
radiation  over  entire  spectral  range  corresponding  to  the 
line  profiles.  Although  the  recording  time  necessary  to 
perform  the  temperature  measurement  by  this  way  is 
greater  than  the  time  needed  to  performed  experiment  with 
two  laser  sources  (set  at  the  two  wavelengths),  this  method 
remains  well  adapted  to  the  temperature  measurement  in 
stationary  medium  generated  by  continuous  facilities. 


2.6  Velocity  measurement  with  LIF 

The  narrow  band  radiation  of  the  exciting  laser  source 
can  be  devoted  to  evaluate  the  flow  velocity  via  the 
Doppler  shift  of  the  highly  resolved  excitation  spectrum. 

In  this  section  we  consider  emitting  molecules  excited 
by  the  laser  radiation  and  a  Maxwell  velocity  distribution 
of  emitting  species  which  move  with  a  the  mean  velocity 
of  the  flow.  The  light  emitted  from  species  and  observed 
along  a  line  of  sight  different  from  the  direction  of  the 
flow,  is  shifted  by  the  quantity  corresponding  to  the  mean 
velocity  component  of  the  molecule  in  the  direction  of 
observation.  For  observation  in  the  direction  of  the  particle 
mean  velocity,  the  light  emitted  (or  line  profile)  is  blue- 


shifted.  Conversely,  it  is  red-shifted  with  the  same  absolute 
shift  value  for  observation  in  the  direction  opposite  to  the 
mean  movement  of  the  flow  stream.  For  observation 
perpendicularly  to  the  flow  axis,  the  light  emitted  is 
unshifted.  The  shift  in  wavelength  is  given  as  the  Doppler 
shift  and  expressed  as: 

Av  v 

- =  —cos  8 

v  c 

where  v  is  the  frequency,  v  the  velocity  and  c  the  light 
speed.  0  is  the  difference  angle  between  the  flow  axis  and 
the  light  of  sight  of  observation  in  a  direction  such  as 
O<0<7c/2.  Experiment  may  be  carried  out  when  the  laser  is 
spectrally  wider  than  the  probed  line  and  requires  high 
resolution  in  detection,  thus  damageable  for  the  signal 
detection.  With  a  monochromatic  excitation,  it  is  preferred 
to  resolve  the  line  by  absorption . 

fluorescence 


Let  us  the  flow  excited  with  a  laser  radiation  in  the 
two  excitation  pathways,  respectively  in  the  direction  0° 
normal  to  the  flow  axis  (unshifted  line)  and  in  the  direction 
45°  upward  the  flow  axis  (shift  line).  In  the  direction  0°, 
the  molecule  will  be  excited  if  the  laser  excitation 
frequency  coincides  exactly  to  a  rovibronic  transition  of  the 
molecule.  In  the  direction  45°,  the  molecule  will  be  excited 
if  the  laser  excitation  frequency  is  shifted  from  the  quantity 
corresponding  to  the  Doppler  shift.  So,  with  two  successive 
excitation  pathways  (0°  and  45°)  and  a  monochromatic 
excitation  tilted  on  a  spectral  range  corresponding  to  the 
Doppler  shift,  since  the  whole  fluorescence  signal  is 
proportional  to  the  monochromatic  absorption  coefficient. 

3.  NOg  SYNTHETIC  SPECTRUM 

Synthetic  spectrum  of  the  NO  e-band  is  computed  to 
carry  out  information  on  lines  distribution  and  lines 
intensity.  These  information  complete  the  experimental 
basis  work  necessary  to  tilt  the  excitation  laser  radiation  on 
lines  of  interest  and  also  necessary  for  the  temperature 
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determination  in  case  of  lines  are  not  sufficient  resolved, 
and  than  the  overlapping  of  rovibrational  lines  may 
provide  uncertainties  on  lines  ratio  measurement. 

The  fluorescence  intensity  distribution  observed 
depends  on  the  rotational  levels  involved  first  at  excitation 
by  the  spectral  distribution  of  the  incident  light,  and 
second  on  the  detection  by  the  spectral  range  analyzed. 

The  excimer  excitation  source  avoids  simultaneous 
excitation  of  numerous  rovibrational  levels,  depending  first 
on  the  narrow  or  broad-band  excitation  and  second, 
depending  from  the  selection  rules  between  the 
rovibrational  levels  involved  at  excitation,  from  the 
electronic  ground  state  of  NO  e-band  x2n(v,=1)  to  the  upper 

electronic  state  D2z^-_0) .  The  upper  state  belongs  to  the 

Hund’s  case  b,  the  lower  state  is  a  Hund’s  case  a,  with  a 
spin  orbit  coupling  constant.  Each  of  the  two  sub-bands 
consists  of  twelve  branches,  whose  the  P,  Q,  R,  PQ,  '’R  and 
RP  are  the  major  ones,  well  separated  for  low  rovibrational 
levels  but  merged  for  higher  rotational  numbers. 

The  selective  absorption  cross  sections  of  the 
rovibrational  transitions  are  computed  in  the  spectral  range 
of  the  exciting  source,  just  as  fairly  from  a  discret 
excitation  and  absorption  molecular  spectrum  of  NO. 
Thus,  absorption  spectrum  is  computed  assuming  a 
Doppler  broadening  for  the  rovibrational  lines  (low 
pressure  conditions  of  the  experiment)  ,  the  experimental 
energy  distribution  of  the  exciting  source  which  includes 
the  intensity  gaps  resulting  from  the  02  Schumann-Runge 
absorption  band  in  the  spectral  range  of  the  laser  at  193.1, 
193.3,  193.5,  193.7  nm  and  geometric  factors 

corresponding  to  apparatus  function  of  the  optical 
arrangement.  Calculation  is  done  assuming  for  the 
population  number  density  of  the  ground  state  x2n(v.=1) ,  a 

Boltzmann  distribution  at  the  rotational  temperature. 
Finally  the  absorption  spectrum  provides  the  number 
density  of  the  particles  absorbed  and  then  the  relative 
population  number  density  of  the  numerous  rotational 
levels  of  the  upper  state  D2zfv=0) ,  populated  from  the 

x2n(v.=1)  state  by  the  incident  laser  radiation. 

The  fluorescence  associated  to  the  radiative  de¬ 
excitation  from  the  upper  D2!^)  state  to  the  ground  state 

x2u  is  also  computed  accurately.  This  radiative  de¬ 
excitation  includes  the  radiative  cascading  process  between 
rovibrational  levels  from  the  upper  state  d2s(+v=o)  ,  down  to 
the  numerous  vibrational  levels  of  the  ground  state  which 
satisfied  the  selection  rule  Av=0,  1,  2....  The  fluorescence 
cross  section  is  calculated  line  by  line  for  all  the  transitions 


observed  and  selected  in  detection  through  a  spectral  filter. 
Finally,  an  averaged  fluorescence  cross  section  value  is 
calculated  for  the  whole  rotational  transitions  considered 
and  will  be  used  for  an  absolute  calibration  of  the  NO 
number  density. 

4,  MODEL  DESIGN  AND  FLOW  CONDITIONS 

Because  of  the  high  enthalpy  levels  required,  the 
difficulties  to  reproduce  high-speed  flight  conditions  in 
wind  tunnel  are  increasing.  With  the  non-equilibrium  flow 
conditions  expected,  analysis  implies  to  test  full-scale 
models.  In  regard  to  these  working  conditions,  the  TT1 
facility  (fig.*)  is  well  adapted  with  its  large  experimental 
test  section,  its  high  enthalpy  and  air  mass-flow  rates. 


The  air  plasma  source  is  a  classical  D.C.  arc  jet  with  a 
classical  electrode  configuration.  The  arc  is  generated 
between  the  tip  of  a  copper  cathode  and  a  cylindrical 
anode  corresponding  to  the  convergent  part  of  the 
reservoir  chamber.  Expanding  high  enthalpy  gas  through  a 
water-cooled  convergent-divergent  nozzle  generates  the 
supersonic  flow,  before  expansion  in  the  low-pressure 
experimental  test  chamber  set  at  103  Pa.  The  well-shaped 
divergent  part  of  the  nozzle  has  been  calculated  to  provide 
a  homogeneous  air  plasma  flow  at  Mach  4.5,  over  the 
entire  section  of  the  nozzle  exit  of  about  300  mm  wide. 
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The  flow  conditions  in  the  stagnation  chamber  are 
P0~  1 .6  105  Pa,  Ho=6.3  MJ/kg  and  T.=4100  K  with  an  input 
electric  power  supply  of  about  4  MW  and  an  airflow  rate 
of  0.5  kg/sec.  The  test  conditions  of  the  four  runs  retained 
in  the  test  campaign  to  validate  and  improve  CFD  tools  are 
summarized  in  Table  1. 

At  the  nozzle  outlet,  the  enthalpy  leads  to  a  thermo¬ 
chemical  non-equilibrium  flow.  The  pressure  and 
temperature  is  estimated  of  about  2  104  Pa  and  1000  K 
with  a  Reynolds  number  of  Re,mt=10s.  The  enthalpy  leads 
to  a  supersonic  vibrationaly  excited,  weakly  dissociated 
and  even  ionized  air  plasma  flow. 
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Table  1:  TT1  wind  tunnel  conditions 


Add  to  the  main  characteristics  of  such  facility  is  the 
long  duration  of  the  runs  which  can  be  maintain  up  to  15 
minutes  and  thus  allow  to  performed  numerous  tests 
during  one  run  with  unchanged  operating  conditions.  In 
comparison  with  tests  performed  during  short  runs  as  in 
shock  tube,  the  long  run  of  TT1  facility  makes  easier 
implementation  of  continuous  diagnostic  as  the  LIF 
method  developed  for  this  specific  test  campaign. 

Aerodynamics  studies  are  performed  radialy  in  the 
free  stream,  190  mm  downstream  from  the  nozzle  exit, 
then  in  numerous  sections  of  the  shock  layer  developed 
around  a  TPS  model  simulating  a  misalignment  of  tiles.  In 
regard  to  the  real  flight  conditions  and  to  the  difficulty  to 
transpose  the  size  and  the  shape  of  the  tiles  overlapping  to 
a  resized  model  dedicated  for  testing  in  experimental 
ground  test  facility,  the  used  of  a  full-scaled  model  has 
been  chosen.  So,  in  such  experimental  situation,  the  huge 
diameter  (300  mm  in  diameter)  of  the  TT1  plasma  flow  is 
well  adapted  and  representative  of  the  test  case  of  interest. 

The  model  is  made  of  insulating  material  like 
BOURAN  (mainly  Si02)and  it  looks  like  to  a  flat  plate  200 
mm  length  and  100  mm  span  width,  with  a  step  of  3 
mm  height  located  100  mm  downstream  from  the 


blunt  leading  edge  (Fig.*).  The  model  is  aligned  on  the  jet 
axis  with  a  15  degrees  incidence  to  reproduce  the  required 
parietal  heat  flux  conditions.  Most  critical  seems  to  be  the 
high  temperature  expected  on  the  leading  edge,  so  it  as 
been  proposed  to  build  the  leading  edge  as  a  water-cooled 
copper  cylinder  of  20  mm  radius. 


Fig(4):  The  Si02  model 


5.  EXPERIMENT  DESCRIPTION 

This  paper  deals  with  the  experiments  achieved  in  the 
TT1  wind  tunnel.  The  small  changes  in  the  heater  total 
power,  the  mass  flow  rate,  the  stagnation  pressure  in  the 
heater  and  the  static  pressure  in  the  test  chamber  provide 
weak  changes  of  experimental  working  conditions  for  each 
run,  despite  efforts  to  maintains  identical  test  conditions 
from  run  to  run.  The  challenge  of  this  test  campaign  was 
then  to  perform  in  the  duration  of  each  run  sufficient 
measurements  in  the  flow  field  (without  then  in  presence 
of  the  model),  to  provide  the  best  description  of  the  flow 
parameters  related  to  a  particular  test  condition. 

The  two  excitation  mode  of  the  ArF  excimer  source 
are  used.  The  plasma  flow  is  first  implemented  in  broad¬ 
band  mode  to  provides  signing  of  species  and  information 
on  the  thickness  evolution  of  the  shock  layer  from  the  bow 
shock  up  the  step  of  the  model.  In  narrow  band  mode,  the 
laser  is  tuned  to  excite  single  rovibrational  levels  of  NO 
molecule.  These  experiments  are  devoted  to  the 
measurement  of  NO  number  density  and  temperature. 
Finally,  the  high  resolved  excitation  spectra  is  used  to 
determine  the  flow  velocity  via  the  Doppler  shift  of 
excitation  lines. 

An  accurate  description  of  the  flow  parameters  has 
been  allowed  by  the  original  LIF  methodology  developed 
for  the  test  campaign  on  the  High  enthalpy  air  flow  TT1.  It 
consists  in  measuring  simultaneously  the  number  density, 
temperature  and  velocity  using  Laser  Induced  Fluorescence 
on  NOe-band  Briefly,  the  number 

density  will  measured  from  line  intensity  after  calibration 
of  the  fluorescence  intensity  with  a  reference  medium.  The 
temperature  will  be  drawn  from  the  ratio  of  two  lines 
intensity  after  comparison  with  a  computed  fluorescence 
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spectrum  (including  the  experimental  optical  arrangement, 
essentially  the  laser  emission  and  optical  apparatus 
functions).  The  velocity  will  be  determined  by  tilting  the 
monochromatic  excitation  line  of  the  laser  over  the  spectral 
range  corresponding  to  the  Doppler  effect. 

It  is  so  required  that  the  ArF  laser  have  first,  to  excite 
the  NO-molecule  to  resolve  first,  the  rovibrational  lines 
structure  of  the  NOe-spectrum  and  second,  to  describe  the 
Doppler  shifted  effect  resulting  from  an  excitation  of  the 
plasma  flow  in  a  direction  along  the  line-of-side  of  the  drift 
movement  of  the  flow  stream 

In  order  to  provide  simultaneously  the  three 
parameters,  the  working  conditions  for  excimer  laser 
excitation  and  fluorescence  detection  have  to  satisfy  some 
requirements  listed  hereafter: 

1-  Number  density  will  be  measured  with  a  narrow  band 
mode  excitation  centered  on  the  center  line  of  a  NO- 
rovibrational  line  well  identified.  So  an  accurate 
scaling  of  the  excitation  wavelength  of  the  laser  is 
needed  and  will  be  provided  by  the  50mbar  NO- 
reference  cell.  Experimental  data  on  lines  positions 
will  be  used  first  for  experiment  and  second,  to  adjust 
lines  positions  of  the  NOe  synthetic  spectra  in  order  to 
provide  an  accurate  tool  of  comparison  for  simulation. 
It  is  note  here  that  methodology  carried  out  for  the 
temperature  measurement  (next  part)  is  based  on  the 
accuracy  of  line  position  and  even  on  overlapping  of 
lines,  and  thus  need  the  used  of  a  well  representative 
synthetic  spectrum  to  provide  the  expected  accuracy  on 
the  temperature  measurement.  The  absolute 
concentration  value  for  NO  will  be  drawn  from 
calibration  of  the  Rayleigh  light  intensity  measured  in 
a  well  known  medium  (air  STP  for  example)  with  the 
same  operating  condition  (laser  power,  probe  volume 
and  solid  angle  in  detection  and  detection  device). 

2-  Temperature  will  be  drawn  from  the  ratio  of  two  lines 
intensity  at  their  maximum  intensity  (center  line  of 
each  transition  considered).  The  NOe-synthetic 
spectrum  allows  to  select  the  transitions  of  interest  in 
the  spectral  range  of  the  narrow-band  excimer 
excitation.  The  rovibrational  transitions  have  to  be 
close  to  each  other  (low  energy  spacing  between  the 
lines)  to  limit  the  tilting  of  the  laser  between  the  lines 
and  then  to  limit  the  time  of  measurement.  Accurate 
measurement  will  be  obtained  with  an  accurate 
positioning  of  the  excitation  wavelength  on  the  center 
line  of  the  two  or  group  of  rovibrational  levels  chosen. 
In  order  to  increase  the  accuracy  of  measurement,  the 
two  rovibrational  transitions  considered  have  to  satisfy 
the  following  criteria:  one  of  the  two  transitions 
considered  have  to  be  greatly  dependent  with  the 
temperature  in  the  range  of  interest  (500-2000  K),  and 
the  other  one  without  dependence  (unit  line  intensity). 


The  choice  of  the  better  transitions  which  satisfied 
these  requirements  are  driven  according  to  the 
evolutions  observed  from  computed  spectra. 

3-  Velocity  measurement  will  be  provided  by  the  shift  in 
wavelength  at  excitation  and  not  by  the  shift  observed 
at  detection.  Considering  the  two  excitation  pathways 
of  the  optical  arrangement  (named  respectively  the 
unshifted  or  0°incidence  and  unshifted  or 
45°incidence),  the  fluorescence  detection  of  a  single 
rovibrational  level  would  be  observed  at  a  only  one 
wavelength  if,  the  wavelength  between  the  two 
excitation  pathways  is  tuned  at  excitation  by  the 
amount  corresponding  to  the  Doppler  shift  value.  The 
Doppler  shift  value  is  proportional  to  the  velocity  of 
the  medium  probed  following  the  two  particularly 
excitation  pathways.  The  lower  limit  of  the  Doppler 
shift  value  is  estimated  to  1.8  lO^nm  and  corresponds 
to  a  velocity  of  about  300  m.s'1  in  the  air  plasma  flow 
(accuracy  is  given  by  the  step  by  step  increment  of  the 
excitation  wavelength) 

4-  In  addition  to  these  requirements,  the  fluorescence 
detection  has  to  be  tuned  on  the  more  intense 
vibrational  fluorescence  de-excitation,  except  the 
resonant  one,  in  order  to  rule  out  reflection  and 
Rayleigh  scattering.  It  is  also  required  nor  overlapping 
with  the  O2  Schumann-Runge  band,  neither  other 
band  systems  (excited  by  the  laser  or  observed  from 
plasma  emission).  For  calibration  of  number  density 
and  velocity,  the  operating  conditions  have  to  be 
maintained  constant  for  each  measurement  point 
(excitation  pathways,  probed  volume,  laser  intensity, 
and  so  on  ...). 


Before  implementation  of  the  TT1  facility,  some 
experiments  were  conducted  in  a  high  frequency 
plasmatron  of  the  tsniimach  (Y13PHF)  to  improve  the 
methodology  and  record  reliable  data  on  the  rovibrational 
structure  of  the  NOe-band,  and  particularly  to  calibrate  the 
energy  level  (or  lines  position)  of  the  NOe-rovibrational 
lines  in  regard  to  the  reference  lines  of  the  well  known 
NOg  system  s2n(v,=7)  4-  . 


6.  EXPERIMENTAL  ARRANGEMENT 
5.1  The  laser  source 

A  tunable  ArF  excimer  laser  (Lambda  Physik  LPX 
150/T)  is  used  to  induce  fluorescence  of  NO-molecule  in 
the  high  enthalpy  airflow  of  the  TT1  facility.  With  an 
excitation  at  193.4  nm,  the  excitation  source  is  tuned  on 
the  rovibrational  lines  of  the  e-band  D2  ljy=0)  *2  X<>=i)  • 
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The  excimer  laser  consists  of  two  separate  cavities  to 
work  independently  in  broadband  mode  or  narrow  band¬ 
mode.  The  broadband  radiation  is  centered  at  193.4  nm 
with  a  0.5  nm  FWHM.  In  narrow  band-mode,  the  1.2  10’ 
nm  FWHM  pulsed  radiation  can  be  tuned  with  a  step 
increment  of  2.2  104  nm  on  the  full  spectral  range  of  the 
broadband  ArF  emission.  A  10  ns  pulse  is  achieved  up  to 
120  mJ/pulse  energy  and  a  1-50  Hz  repetition  rate. 

In  narrow-band  mode,  the  excimer  laser  has  to  be 
calibrated  in  wavelength  to  be  tuned  on  the  wavelength  of 
interest.  Thus,  a  weak  part  of  the  laser  radiation  is  directed 
in  an  external  reference  source  made  of  a  home-made 
static  cell  filled  with  50  mbar  of  pure  NO  at  300K.  In 
these  operating  conditions  the  calibration  cell  allows  to 
provide  the  excitation  spectrum  of  the  NOp  system 
fi2n(v,=7)  <-  A’2nfv»=0)  whose  lines  are  well  identified.  From 

the  good  knowledge  of  the  P-lines  wavelengths,  the 
correspondence  between  the  excitation  wavelength  and  the 
tilting  of  the  ArF  grating  (which  selects  the 
monochromatic  excitation  radiation)  is  provided  with 
accuracy  (1.2  103  nm). 

A  pin  silicon  photocell  (Hamamatsu  S1722-02)  is 
added  at  the  laser  source  exit  to  correct  the  pulse  to  pulse 
energy  variations  of  the  laser. 

5.2  Setup  and  optical  arrangement 

The  TPS  model  designed  to  simulate  a  misalignment 
of  tiles  is  immersed  in  the  flow  stream,  its  blunt  leading 
edge  centered  on  the  jet  axis  and  its  surface  set  at  15°deg 
upward.  It  is  fixed  on  a  ID  displacement  and  may  be 
translated  during  the  run,  by  step  of  10  mm  in  the  direction 
of  the  jet  axis.  This  device  allows  to  analyze  numerous  test 
sections  in  the  shock  layer  from  the  bow  shock  to  the  step, 
during  a  single  run. 

A  scheme  of  the  experimental  setup  is  depicted  in 
Fig(*).  The  optical  setup  consists  of  the  laser,  its  reference 
cell  (filled  with  50  mbar  of  NO)  and  dielectric  high 
reflection  coating  mirrors  set  to  direct  the  laser  beam  in 
the  test  chamber.  An  optical  periscope  is  fastened  by  a 
stepper  motor  with  accuracy  of  10  pm  and  directed  15° 
downward  the  vertical  direction.  It  is  equipped  with  a 
beamsplitter  to  divide  the  excitation  beam  in  two 
excitation  beams,  one  for  the  unshifted  excitation,  the 
second  one  for  the  shifted  excitation.  The  two  preferential 
pathways  for  Doppler  shift  measurement  are  respectively 
at  0°  and  45°deg  incidence  in  regard  to  the  flow  axis.  The 
velocity  or  Doppler  shift  measurement  is  performed  by 
recording  first  the  unshifted  line,  the  shifted  pathway  being 
close.  When  the  maximum  line  intensity  is  recorded,  the 


shifted  pathway  is  closed  and  the  unshifted  one 
automatically  open. 


I-  laser,  2-  PC  control,  3-  90°mirror,  4-  45°mirror,  5-  vertical  translation.  6- 
optical  table,  7-optical  periscope,  8-beam  splitter,  9-lens,  10-focalisation  lens, 

II - spectrometer,  12-photomultiplier,  13-  photomultiplier,  14-  numerical 
oscilloscope,  15-  PC  control 

The  free  jet  radial  and  shock  layer  analysis 
perpendicularly  to  the  surface  of  the  model  are  carried  out 
by  translation  of  this  optical  arrangement  (focussing  lens, 
beamsplitter  and  mirrors)  set  on  the  ID  displacement 
device.  Whatever  is  the  altitude  probed  in  the  test  of 
interest,  the  crossing  point  of  the  two  excitation  pathways 
always  coincides  and  the  probe  excitation  volume  is 
maintains  constant.  In  the  directions  where  the  most 
significant  gradients  are  expected.  Fine  spatial  resolution 
down  to  200  pm  is  achieved  with  the  focussing  lenses 
flOOO  mm  (radially  in  the  free  jet  and  normal  to  the 
surface  of  the  model). 

The  test  chamber  (lm*lm*lm)  is  equipped  with  tree 
optical  access.  Their  location  is  forced  first,  by  the 
incidence  of  the  model  aligned  15°  upward  the  jet  axis,  and 
second,  by  the  method  of  Doppler  shift  measurement  used. 
For  detection  of  fluorescence,  the  top  of  test  chamber  is 
equipped  by  an  optical  window,  UV-fused  silica  100  mm  in 
diameter.  To  induce  fluorescence,  two  optical  access  are 
set  on  the  side  part  of  the  test  chamber  to  provide  the  two 
excitation  pathways  for  Doppler  shift  measurement.  The 
first  one  is  centered  on  the  jet  axis,  at  190  mm  from  the 
nozzle  exit.  It  allows  the  laser  to  enter  the  test  chamber 
perpendicularly  to  the  flow  axis  and  to  provide  the 
orthogonal  access  required  for  the  unshifted  Doppler 
measurement.  The  shifted  measurement  is  provided  by  the 
second  window  set  at  15°  upward  the  free  jet  axis  and  45° 
incidence  from  the  previous  optical  window.  Its  positioning 
in  regard  to  the  previous  one  allows  to  cross  the  shifted 
excitation  pathway  with  the  unshifted  excitation  pathway 
in  the  free  jet  section  of  interest  defined  at  190  mm  from 
the  nozzle  exit.  Optical  access  at  excitation  are  limited  by 
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the  size  of  the  windows  (UV  fused  silica,  100  mm  in 
diameter)  and  allow  analysis  of  the  flow  stream  50  mm  on 
either  side. 

The  fluorescence  signal  is  collected  on  the  top  of  the 
test  chamber,  at  right  angle  from  the  two-excitation  beam 
pathways.  The  signal  is  recorded  through  a 
monochromator  used  as  a  spectral  filter  (Jobin-Yvon,  f588 
mrn  3600  groves/mm  holographic  UV  grating),  onto  a  UV 
sensitive  photomultiplier  (RTC  XP2020Q).  The  probe 
volume  is  imaged  with  a  f50  mm  fused  silica  lens  onto  the 
entrance  slit  (600  pm)  of  the  monochromator  used  as  a 
tuning  0.4  nm  FWHM  band-pass  filter.  Because  the 
detection  device  is  fixed  (and  couldn’t  be  displaced),  the 
solid  angle  in  collection  have  not  to  be  too  large  in  order  to 
make  assumption  that  the  measurement  volume  is 
unchanged  when  the  focussing  point  of  both  excitation 
pathways  are  displaced  across  the  entire  section  of  the  flow 
stream. 

The  time  resolved  fluorescence  is  detected  in  the 
plasma  flow  and  in  the  reference  cell,  then  recorded  on  a  2 
GHz  numerical  oscilloscope  (Tektronic  DSA  602A).  Data 
are  transferred  to  a  PC  computer  simultaneously  with 
information  cm  the  laser  intensity  of  the  incident  pulse 
monitored  via  a  power-meter  and  positioning  of  the 
measurement  point  provided  by  the  optical  periscope 
device. 

The  experimental  setup  as  the  whole  (optical 
periscope,  monochromator,  detection  device  and  the 
excimer  laser)  are  fully  automated  and  are  operated  under 
remote  control.  During  the  run,  the  NO  reference  cell 
provides  the  accurate  positioning  in  wavelength  of  the 
laser  which  can  be  tilted  on  the  wavelength  of  interest. 
The  location  of  the  measurement  point  which  can  be 
adjusted  as  well  as  the  positioning  of  the  model  along  the 
jet  axis.  In  detection,  the  spectral  range  for  fluorescence 
detection  can  be  adapted  to  the  spectral  range  of  interest 


7.  OPERATING  CONDITIONS 

7.1  Introduction  and  positioning  of  the  model 

At  the  ignition  of  the  wind  tunnel,  the  model  is 
removed  to  avoid  impact  with  metallic  particles  coming 
from  electrodes  erosion  and  maintains  apart  from  the  flow 
as  long  as  the  input  power,  gas  flow  rate  and  static 
pressure  in  the  test  chamber  are  not  set  to  their  nominal 
value.  When  the  working  conditions  are  reached,  the 
model  is  immersed  in  the  flow  at  its  nominal  position,  so 
that  its  rounded  leading  edge  is  located  on  the  jet  axis,  at  a 


distance  of  190  mm  from  the  nozzle  exit.  The  surface  is 
15°  upward  the  jet  axis. 

To  perform  measurements  in  a  given  section,  the 
model  is  displaced  parallel  to  the  flow  axis  by  step 
increment  of  10  mm,  up  to  that  the  section  of  interest 
coincide  with  the  optical  direction  defined  by  the  incident 
laser  beam  pathways,  oriented  perpendicularly  to  the  flow 
axis.  Measurements  in  the  section  perpendicularly  to  the 
surface  of  the  model  will  be  provide  by  the  optical 
periscope  lD-displacement,  with  step  increment  down  to 
10  nm. 


7.2  Operating  conditions  for  LIF  diagnostic 

The  huge  span  width  of  the  model  coupled  with 
the  solid  angle  of  the  input  laser  excitation  and  the  size  of 
the  laser  spot  doesn’t  allow  to  focus  the  laser  down  to  1 
mm  from  the  surface  of  the  model  whitout  increase  a 
parasite  reflection  damageable  to  the  fluorescence  signal. 
Thus  no  data  have  to  be  considered  in  the  last  millimeter 
over  the  model,  and  no  measurement  will  be  possible  at  the 
foot  of  the  step  of  the  model.  The  reflection  provides  a  high 
level  of  light  emission  centered  at  the  excitation 
wavelength  which  can  be  rule  out  from  fluorescence 
emission,  except  if  a  narrow  band-pass  filter  is  set  in 
detection  cm  a  vibrational  sequence  of  the  complete 
fluorescence  radiative  de-excitation  different  from  the 
resonant  fluorescence . 

Before  to  start  the  run,  the  detection  is  tuned  on 
the  excitation  wavelength  to  record  the  signal  issued  from 
the  reflection  of  the  laser  on  the  model,  and  to  determine 
the  absolute  location  of  the  model,  first  in  the  flow  and 
second,  location  of  its  surface  in  regard  to  the  reference 
position  of  the  lD-displacement  of  the  optical  periscope. 

When  the  model  is  immersed  in  the  flow,  the 
Infra-red  record  points  out  that  60  seconds  are  necessary  to 
reach  a  thermo-equilibrium  of  its  surface  (up  to  95%).  LIF 
will  be  carried  out  after  this  delay  time. 

The  long  run  duration  (15  mn)  is  convenient  to 
multiply  points  of  measurement.  Notably  in  experiments 
with  the  model,  the  long  run  allow  to  probe  the  free  flow 
before  to  introduce  the  model  and  then,  to  provide  with  the 
identical  experimental  working  condition  of  the  wind 
tunnel,  both  data  set  from  the  flow  and  from  the  shock 
layer . 


7.3  Data  acquisition 

(see  §8.2  :  Transitions  for  the  simultaneous  measurements 
of  number  density,  temperature  and  velocity) 
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Considering  first,  the  criteria  retained  for  the 
simultaneous  measurement  of  number  density,  temperature 
and  velocity  and  second,  the  long  duration  of  the  run,  the 
LIF  experiments  are  conducted  as  follow: 

a)  Fluorescence  is  filtered  in  detection.  The  filter  is  a 
narrow  band  one,  but  can  be  consider  as  a  broadband 
filter  in  regard  to  the  number  of  ro vibrational  lines 
involved  in  the  narrow  band  mode  excitation.  Thus, 
shifted  and  unshifted  lines  will  be  detected. 

b)  The  first  fluorescence  record  is  to  determine  the 
spectral  spacing  between  the  reference  PNO  line 
(Rj(30.5)  measured  in  the  reference  NO-cell,  and  the 
e-NO  line  Q,(31.5)  measured  in  the  air  plasma  flow 
with  the  unshifted  beam  pathway  (0°).  The  laser 
radiation  is  tuned  over  the  entire  exact  spectral  range 
of  the  reference  PNO  line  (R^(30.5)  and  the  e-NO  line 
Q,(31.5),  then  stopped. 


(cm-1) 


Fig(6):  Doppler  shift  measurement 

c)  The  second  fluorescence  records  is  carried  out  with 
the  shifted  excitation  beam  pathway  set  at  45°deg 
incidence.  The  laser  radiation  is  tuned  over  the  PNO 
line  (R,(30.5)  used  always  as  the  common  reference 
line  and  over  the  e-NO  lines  P,(38.5),  R,(25.5), 
Q,(31.5)  previously  determined.  For  this  record,  the 
spectral  spacing  of  the  record  will  be  identical  to  the 
previous  one  but  spectral  range  to  consider  has  to  be 
brought  forward  to  take  into  account  the  Doppler  shift 
effect 

d)  The  velocity  will  be  drawn  from  the  spectral  spacing 
measured  with  the  two  records  between  the  NOP  line 
(R,(30.5)  and  the  NOe  line  Q,(31.5). 


The  temperature  will  be  drawn  from  the  ratio  intensity 
of  the  lines  from  the  group  of  NOe  lines  after 
comparison  with  synthetic  spectra. 

The  integrated  fluorescence  intensity  will  provide  the 
absolute  number  density,  after  calibration  by  intensity 
of  Rayleigh  scattering. 

8.  LIF  MEASUREMENTS 

8. 1  The  resolved  NO£  spectrum 

A  high  enthalpy  air  flow  generated  in  the  high 
frequency  plasmatron  Y13PHF  of  the  TSNIIMACH  has 
been  implemented  in  order  to  provide  reliable  data  on  the 
NOe  spectrum.  The  working  conditions  of  such  facility  in 
which  the  plasma  is  generated  in  a  quartz  tube  without 
electrode,  thus  provides  a  flow  without  impurity.  In 
addition,  the  stability  and  reproducible  flow  has  been 
verified  and  provides  a  convenient  high  enthalpy  aft- 
plasma  source  for  basis  experimental. 

The  NO  fluorescence  is  induced  in  the  air  plasma 
flow  by  pumping  the  D2  ljU0)  <-  x2I(V=1)  e-band  with  the 

incident  ArF  laser  radiation  tuned  in  narrow-band  mode  on 
the  ArF  tuning  wavelength  range  from  192.8  to  193.8  nm. 
The  fluorescence  emission  is  collected  through  the 
monochromator  from  the  (0-2)  vibrational  band  (198  to 
202  nm).  The  only  excitation  spectrum  observed  is  the 
NOe  band  system,  via  the  D2 1(+„=0)  <-x 2  zfv„=1)  excitation 
scheme.  Nor  rovibronic  transition  from  the  hot  Schumann 
Runge  lines,  neither  the  y-NO  band  a21*  <-x2n  (3-0)  and 

(4-1)  are  observed.  The  radiative  fluorescence  is  detected 
at  right  angle  from  the  straight  line  of  the  incident  beam  is 
recorded  through  a  monochromator  used  as  a  broad-band 
filter.  The  spatial  resolution  is  minimized  in  order  to 
provide  a  probe  volume  in  which  the  density  and 
temperature  evolutions  are  expected  to  be  constant.  From 
analysis  of  fluorescence  emission  at  different  height  in  the 
section  of  the  plasma  flow,  the  line  intensity  with  the 
temperature  dependence  may  be  observed  on  the  records. 


8.2  Transitions  for  the  simultaneous  measurements  of 
number  density,  temperature  and  velocity 

The  spectrum  presented  fig*  is  described  by  the  P, 
Q  and  R-branches  of  the  NOe  band  D2 1(+v.=0)  <-x2  X(V=1) . 
Tilting  of  the  laser  narrow-band  emission  and  positioning 
of  more  than  40  rovibronic  lines  of  the  NOe  band  has  been 
allowed  in  agreement  with  the  positioning  of  the  lines  from 
the  NOP  band  B2n(v.=7)  <- x2n(+v.^ ,  recorded 
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simultaneously  in  a  static  cell  filled  with  50  mbar  of  NO. 
Accuracy  in  wavelength  positioning  is  only  dependent 
from  the  step  by  step  increment  of  the  laser  tilting,  and 
estimated  of  about  2.2  10"  nm. 


wavelength  (nm) 

Fig(7):NOe  band  d2  X(V=0, «-  X2 1^=1) 

Measurements  are  completed  in  a  heated  home 
made  static  (up  to  1200  K)  to  record  intensity  lines 
evolutions  versus  temperature,  and  to  chose  the  more 
sensitive  transitions.  The  comparison  with  synthetic 
spectrum  allows  to  complete  the  analysis  for  higher 
temperatures. 


wavelength  (nm) 

Fig(8):  Temperaure  measurement 


-  Lines  are  close  to  a  reference  line  of  the  reference  p- 
NO  spectrum  (R,(30.5)  at  51693.25  cm'1),  which  one 
will  be  used  first  to  scale  the  tilting  of  the  excitation 
before  the  recording  of  the  lines  profile,  and  second  as 
the  reference  unshifted  line  for  both  laser  excitation 
beam  pathway  used  for  Doppler  Shift  measurement. 

-  The  intensity  ratio  of  these  transitions  is  sufficiently 
sensitive  with  the  temperature  in  the  temperature 
range  of  interest. 

-  The  integrated  intensity  of  the  group  of  lines  will  be 
used  for  the  absolute  number  density  measurement 
after  calibration  with  Rayleigh  light  scattering. 

8.3  Interference  with  NO£  band  D2  I^oj  <-^2Z(v-=i)  • 

First,  it  has  been  observed  that  signal  from  plasma 
emission  is  in  some  order  of  magnitude  weaker  than 
fluorescence  induced  by  the  excimer  laser,  and  thus  can  be 
neglected. 

Secondary,  the  air  flow  of  the  TT1  wind  tunnel 
has  been  probed  with  a  broad-band  laser  excitation  and 
detection  has  been  tuned  through  a  narrow-band  filter  (0.4 


wavelength  (nm) 


From  experiments  and  computed  synthetic 
spectrum  at  numerous  temperature,  we  can  conclude  that: 

The  P,(38.5),  R,(25.5),  and  Q,(31.5)  group  of 
rotational  lines  of  the  NOe  band,  respectively  at  51692.50, 
51693.25  and  51693.75  cm'1,  is  well  identified  to  satisfy 
the  requirements  for  the  simultaneous  measurement  of 
density,  temperature  and  velocity. 

-  Lines  are  closed  to  each  other  to  minimized  time  of 
tilting  of  the  excitation  radiation  to  describe  the  entire 
profile  of  the  group  of  lines. 


Fig(9):  NO  vibrational  fluorescence  de-excitation 

nm  FWHM)  over  a  large  spectral  range  in  order  to  detect 
all  the  fluorescence  of  species  present  in  the  medium  and 
excited  with  the  ArF  source.  As  a  result  of  the  broad-band 
excitation,  only  the  NOe(d2£-»X2£)  fluorescence  has 
been  observed,  from  the  resonant  fluorescence  centered  on 
the  excitation  wavelength  at  193.3  nm  (Av=0)  up  to  256.0 
nm  (Av=7). 

Because  of  all  the  potential  interfering  optical  signals, 
it  is  important  to  verify  that  signals  acquired  are  those 
from  the  NO  fluorescence.  We  have  to  take  into  account 
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the  possible  reflection  of  the  laser  beam  in  the  test  chamber 
and  close  to  the  model,  when  measurements  are  performed 
in  the  shock  layer  at  the  vicinity  of  its  surface.  So,  The 
fluorescence  emission  will  be  collected  through  the 
monochromator  either  from  the  (0-2)  vibrational  band  (198 
to  202  nm),  or  from  the  (0-3)  vibrational  band  (206  to  210 
nm).  Less  intense  than  the  (0-1)  but  sufficiently  far  away 
from  the  Rayleigh  peak,  these  fluorescence  pathways  are 
selected  in  order  to  maximize  the  fluorescence  signal, 
minimize  emission  from  the  plasma  flow  and  because  its 
allows  rejection  of  the  elastically  scattered  laser  light  and 
reflection  from  the  test  chamber  and  surface  of  the  model. 


8.4  Absolute  calibration  of  NO 

For  absolute  calibration,  the  Rayleigh  scattering  is 
recorded  in  the  test  chamber  with  air  at  STP.  Experiment 
is  carried  out  with  the  complete  optical  setup  and  detection 
device,  but  precautions  are  taken  to  avoid  reflection  in  the 
test  chamber  as  the  monochromator  is  tuned  on  the 
excitation  laser  radiation.  By  this  way,  fluorescence  records 
and  Rayleigh  scattering  are  provided  under  identical 
experimental  conditions.  Thus,  the  terms  related  to  the 
transmitivity  of  optical  setup  £c,  and  the  size  and  probed 
volume  Vefto  may  be  ruled  out  in  the  expression  of  the 
ratio  of  fluorescence  with  Rayleigh  scattering. 

The  air  number  density  at  STP  and  the  differential 
Rayleigh  cross  section  at  the  excitation  wavelength  are 

N™’  =  2.41 1019  part  .cm'3  and  ^rayleigh  _  4 .948IO'26  cm2 , 

vO 

respectively. 


9.  FLOW  PARAMETERS  MEASUREMENT 
9.1  Analyze  in  the  free  plasma  flow 

Experiments  are  performed  on  both  sides  of  the  free  jet 
axis  and  reveal  a  sufficient  homogeneous  region  to  locate 
the  wide  Si02  model  and  assure  subsequently  a  2D 
aerodynamic  description  of  the  boundaries  conditions. 

The  unchanged  rotational  lines  distribution  and  the 
constant  fluorescence  intensity  point  out  a  flat  NO  number 
density  and  temperature  profiles  in  the  free  air  flow 
section,  50  mm  on  either  side  from  the  jet  axis. 

The  rotational  temperature  is  estimated  of  about  1200 
K  and  NO  mole  fraction  of  about  3.8  10'3 . 

The  Doppler-shifted  fluorescence  signals  provide  a  flat 
velocity  radial  distribution  in  the  test  section  located  at  190 
mm  from  the  nozzle  exit.  The  constant  value  of  3325  m.s"1 
is  corresponding  to  a  supersonic  flow  with  a  Mach  number 
close  to  Mach=4.9. 


These  results  are  in  good  agreement  with  the 
calculated  parameters:  v=3300  m.s'1  and  Mach=4.75, 
computed  with  the  stagnation  chamber  conditions,  the 
nozzle  shape  and  assumption  of  a  perfect  gas  flow  in 
equilibrium  upstream  of  the  critical  convergent  throat  and 
followed  by  a  frozen  expansion  downstream  in  the  nozzle 
divergent  region. 

No  real  discrepancy  is  observed  between  the  four 
selected  run 


Test  run  number 

#1 

#2 

#3 

# 4 

Trot 

Rotational  temperature  (K) 

1150 

1200 

1200 

1150 

JNO]_ 

NO  concentration 

3.8  10'3 

4.1  103 

3.7  103 

3.8  10 3 

V 

Velocity  (m/s) 

3325 

3325 

3275 

3300 

Table  2:  TT1  wind  tunnel  results 


9.2  Analyze  in  the  shock  layer 

The  flat  plat  model  simulating  a  misalignment  of  tile 
with  a  step  3  mm  height  is  placed  on  the  homogenous 
region  previously  analyzed.  The  aerodynamic  behavior  of 
the  supersonic  high-enthalpy  air  flow  impinging  on  a  TPS 
Si02  model  is  shown  in  Fig(*).  One  observes  mainly  the 
bow  shock  which  originates  from  the  rounded  leading  edge 
and  propagates  laterally  away  from  the  surface.  On  the 
leading  edge  of  the  step,  another  less  intense  shock 
originates  and  rises  up  downstream  the  step. 

Infra-red  thermography  doesn’t  reveals  modification 
of  bow  shock  in  front  of  the  model,  at  the  location  of  the 
transition  zone  between  the  water  cooling  rounded  leading 
edge  and  the  Si02  surface.  The  picture  reveals  an 
important  temperature  gradient  on  the  Si02  surface,  up  to 
1500  K  in  the  first  part  of  the  model  and  at  the  top  of  the 
step.  On  the  contrary,  in  the  last  millimeters  before  the 
step,  the  temperature  decreases  down  to  1 100  k,  just  in  the 
dark  region  at  the  foot  of  the  step  where  a  re-circulation 
zone  can  be  expected.  No  LIF  measurement  has  been  done 
in  front  of  the  step  because  of  the  height  reflection  level  of 
the  laser  beam  on  the  step  leading  edge. 
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Fig(lO):  ombroscopy 


Three  sections  located  at  56,  112  and  156  mm  from 
the  rounded  leading  edge  are  investigated.  The  section  S56 
is  44  mm  upstream  the  step,  the  Si  12  and  Si56  sections  are 
downstream  the  step.  On  the  two  first  sections  reported  on 
this  picture,  the  two  marks  point  out  the  place  where  a  rise 
up  of  fluorescence  has  been  observed  by  LIF  at  the 
boundary  of  the  shock  layer. 

At  the  separation  region  between  the  free  jet  and  the 
shock  layer  (estimated  at  35<y<38  mm),  the  NO- 
fluorescence  signal  increases  exponentially  because  of  NO 
vibrational  excitation,  i.e.  a  higher  vibrational  temperature 
and  thus  a  higher  number  density  of  the  of  NO(v=l).  As 
the  transition  considered  in  the  NOe  excitation  process 
via  d2 XfV'=o)  «-  x2  Z(+v-=i)  imply  the  v=l  vibrational  level, 

increasing  of  the  vibrational  temperature  is  favorable  to 
populate  higher  vibrational  level,  and  thus  increase  the 
absorption  process  and  the  intensity  of  fluorescence 
detected  at  the  crossing  of  the  shock  layer. 


-5  0  5  10  15  20  25  30  35  40  45 

normal  to  the  surface  (mm) 

Fig(ll):  Profile  of  NO  in  the  section  Sj6 

The  Fig(*)  shows  the  fluorescence  signal  profile  from 
the  section  S^.  Measurements  are  carried  out  with  a  spatial 


resolution  of  a  500  pm,  from  the  free  jet  (y  >  0)  down  to 
the  surface  (y  =  0). 

In  the  shock  layer,  intensity  of  fluorescence  evolves 
weakly  down  to  the  surface  of  the  model,  and  no  rotational 
temperature  gradient  is  observed.  The  number  density  thus 
do  not  vary  significantly,  indicating  that  NO  number 
density  is  frozen  into  the  shock  layer. 

In  the  two  last  millimeters  (0<y  <2  mm),  the  loss  of 
signal  is  attributed  to  the  cut  of  the  spot  size  which  is 
imputed  to  the  intersection  of  the  solid  angle  of  the  focused 
incident  laser  radiation  with  the  surface  of  the  model. 

For  y  <5  mm  and  down  to  the  surface  of  the  model, 
the  weak  rise  up  doesn’t  allow  to  conclude  about  a  parietal 
recombination  and  indicate  no  signifiant  creation  of  NO  at 
the  wall. 

In  the  weakly  dissociated  flow,  the  current  results  do 
not  confirm  a  predominant  effect  of  wall  recombination  in 
comparison  to  the  compression  effect  of  the  shock  layer 
near  the  surface.  The  equilibrium  conditions  in  the  free  jet 
upstream  are  1200  K  and  102  Pa,  and  the  stagnation 
pressure  behind  the  shock  is  evaluated  to  1.9  103  Pa, 
namely  20-fold  greater  than  the  free  jet  static  pressure.  The 
same  order  of  magnitude  is  observed  on  the  fluorescence 
signal  jump  crossing  the  shock  propagating  laterally  away 
from  the  model.  If  one  considers  first  the  fluorescence 
intensity  with  respect  to  the  distribution  of  the  NO 
(x2  X(+v-=d)  in  the  absorbent  rotational  levels,  and  secondly, 

the  very  slight  variation  of  the  rotational  temperature 
crossing  the  shock,  then  the  NO  concentration  jump  is  in 
order  of  22-fold  greater  in  the  shock  layer  than  in  the  free 
jet.  This  value  is  assumed  to  be  directly  proportional  to  the 
difference  of  pressure  crossing  the  shock  layer. 

The  spatial  resolution  of  5  measurement  points  per 
millimeter  allows  to  have  an  accurate  description  of  the 
location  and  intensity  of  the  shock.  However,  we  have  to 
consider  than  the  real  thickness  of  the  shock  is 
overestimated  because  of  the  vibrational  excitation  time 
lower  than  the  rotational  one. 

The  fluorescence  emission  results  in  the  first  section 
S56  are  in  good  agreement  with  the  ombroscopy  picture 
which  reveals  only  the  shock  location  without  giving 
information  on  the  intensity  ratio  from  both  sides  of  the 
boundary  shock  layer. 

The  same  results  are  obtained  for  the  location  of  the 
second  shock  originating  from  the  step,  15  mm  behind  the 
step  (section  Sm,  see  Fig(*)).  Its  lower  intensity  indicates 


4B-18 


no  real  change  in  the  vibrational  relaxation  and  is 
confirmed  by  no  significant  evolution  of  the  NO  number 
density  and  rotational  temperature. 


Fig(12):  Profile  of  NO  in  the  section  SH2 

The  axial  component  of  velocity  is  affected  by  the 
presence  of  the  model.  The  profiles  drawn  from  the  three 
test  sections  of  interest  show  a  velocity  gradient  mainly 
located  in  the  last  millimeters  close  to  the  surface,  in  the 
region  where  a  slight  decrease  of  fluorescence  has  been 
previously  observed. 


non-negligible  in  comparison  to  the  lower  axial  one.  The 
most  important  gradient  is  observed  5  mm  above  the 
surface.  For  y  >  5  mm,  the  axial  value  is  approximately 
constant  (2500m.s1)  up  to  the  limit  of  the  secondary  shock, 
then  increases  far  off  to  reach  its  maximum  value 
corresponding  to  the  velocity  of  the  free  jet. 


10.  CONCLUSION. 

The  potential  of  LIF  technique  for  instrumentation  of 
continuous  high  enthalpy  facilities  has  been 
demonstrated .  NO  number  density,  temperature  and 
velocity  has  been  measured  in  the  supersonic  air  plasma 
free  jet,  as  well  as  on  a  TPS  model,  allowing 
characterization  of  the  aerodynamic  behavior  of  the  flow, 
especially  at  the  misalignment  of  tiles. 


No  discrepancy  is  observed  for  the  axial  component  of 
the  velocity  across  the  shock  front.  Its  value  is  estimated  to 
3300  ±  150  m.s'1,  which  correspond  to  the  initial  free  jet 
velocity.  Upstream  of  the  step,  the  thickness  of  the 
dynamic  boundary  layer  is  given  at  y  =  5  mm  in  the  first 
section.  Under  this  limit,  the  velocity  decreases 
continuously  down  to  y  =  1  mm  to  reach  its  lower  value 
1900  m.s'1.  The  thickness  of  the  dynamic  boundary  layer  in 
front  of  the  step  can  be  expected  to  be  of  the  same  order  of 
magnitude  than  the  step  height.  One  of  the  main  feature  of 
the  velocity  distribution  in  this  section  Sm,  lies  in  the 
continuous  increase  in  velocity,  up  to  the  limit  of  the  shock 
generated  at  the  top  of  the  step.  The  lower  value  measured 
near  the  wall  may  be  imputed  to  a  deflection  of  the  flow 
impinging  on  the  step  and  a  normal  component  of  velocity 
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Summary 

New  laser-based  diagnostic  techniques  offer 
considerable  promise  for  measurements  in 
hypersonic  flows.  In  this  paper  ,  we  overview 
optical  techniques  such  as  Rayleigh  and  Raman 
scattering,  laser-induced  fluorescence,  electron 
beam  fluorescence,  coherent  anti-Stokes  Raman 
scattering  and  diode  laser  absorption.  These 
methods  have  unique  capabilities  for  nonintrusive 
measurements  of  flowfield  parameters  such  as 
temperature,  density,  species  concentration  and 
velocity.  The  applicability  of  these  techniques  for 
the  study  of  hypersonic  flows  is  also  presented. 


Introduction  and  Scope 

The  interest  in  reentry  of  space  vehicles,  in  high 
speed  transportation,  and  in  single  stage-to-orbit 
concepts  continues  to  stimulate  the  research  into 
supersonic  and  hypersonic  aerodynamics.  This 
research  is  conducted  in  facilities  that  basically 
simulate  flight  at  high  altitude  and  high  velocity. 

Short-duration  test  facilities  such  as  the  hypersonic 
shock  tunnel,  however,  have  afforded  a  means  for 
extending  research  study  capabilities  into  the  high 
velocity  flight  regime.  The  development  of  ground 
test  facilities  to  simulate  the  flow  about  hypersonic 
vehicles  is  nevertheless  very  challenging  because  of 
the  high  total  enthalpies  required.  The  stagnation 
enthalpies  encountered  in  flight  at  hypersonic 
velocities  result  in  flowfield  temperatures  high 
enough  to  dissociate  and  even  ionize  the  chemical 
species  in  air.  The  reservoir  state  in  a  short 
duration  test  facility,  which  then  undergoes 
expansion  to  high  velocity  is,  of  course,  at 
comparable  enthalpies  to  the  flight  case.  The  test 
gas  in  reservoir  is  therefore  also  dissociated  and 
ionized.  In  the  subsequent  expansion  to  hypersonic 
speeds,  the  flow  can  depart  from  thermal  and 
chemical  equilibrium. 

It  is  in  the  test  flow  environments  that  perfect  gas 
reciprocity  is  lost  since,  at  comparable  velocities, 


the  ffeestream  in  the  high  enthalpy  facility  test 
section  differs  from  that  existing  for  flight  in  the 
atmosphere.  The  static  pressures  and  temperatures 
(and  hence  the  Mach  numbers)  differ  and  the 
composition  of  the  air  contains  oxygen  atoms  and 
nitric  oxide,  in  addition  to  the  O2  and  N2 
molecules.  At  higher  enthalpies,  nitrogen  is  also 
appreciably  dissociated  and  ionized  species  begin 
to  appear  in  significant  concentration.  The 
ionization  introduces  plasma  properties  into  the 
flow  environment  which  can  leads  to  additional 
interaction  phenomena  associated  with  the 
presence  of  a  free  electron  concentration  in  the 
flowfield.  The  effect  of  the  nonequilibrium  free 
stream  composition  on  flowfield  measurements 
around  a  test  model  must  then  be  understood  in 
order  to  relate  to  the  flight  case.  Computer  codes 
exist,  of  course,  for  the  prediction  of 
nonequilibrium  flow  expansions,  and  for  flows 
about  high  velocity  vehicles.  The  important 
questions  are  the  followings:  Is  the  chemistry  fully 
specified?  Are  the  reactions  reliable? 

In  high  enthalpy  facility  operations,  therefore,  it  is 
necessary  that  consideration  must  be  given  to  the 
diagnostic  methods  and  techniques  available  for 
independent  measurement  of  species  compositions. 
A  description  of  such  complementary  techniques 
will  comprise  the  substance  of  the  lecture 
discussions.  The  methods  to  be  discussed  have  all 
appeared,  in  various  forms,  in  the  literature  on 
research  studies  covering  a  range  of  different  flow 
environments  and  gas  mixtures. 

With  the  advent  of  laser  light  sources,  light 
scattering  spectroscopic  diagnostic  techniques  are 
assuming  an  ever-increasing  role  in  a  broad 
spectrum  of  physical  investigations.  There  is  a 
large  variety  of  diagnostic  processes  potentially 
applicable  to  the  remote,  nonintrusive,  point  and 
imaging  probing  of  hypersonic  flows.  The  subject 
of  hypersonic  diagnostics  has  received  a  great  deal 
of  attention  in  the  past  few  years.  A  review  of  the 
techniques  for  hypersonics  that  were  available  a 


Paper  presented,  at  the  RTO  AVT  Course  on  “Measurement  Techniques  for  High  Enthalpy  and  Plasma  Flows”, 
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few  years  ago  can  be  found  in  Ref.  1.  A  special 
issue  of  the  AIAA  Journal  has  been  devoted  to 
advanced  measurements  technologies  [2]. 

Attention  will  be  directed  ultimately  only  to  those 
laser  techniques  which  can  permit  the 
determination  of  local  species  concentration, 
temperature  and  velocity  measurements.  In  the  first 
part  of  this  review,  we  present  potential  optical 
techniques  such  as  the  Rayleigh  scattering,  the 
spontaneous  Raman  spectroscopy  (SRS),  the 
coherent  anti-Stokes  Raman  spectroscopy  (CARS) 
and  the  laser  induced  fluorescence  (LIF)  which 
allows  points  measurements.  These  techniques 
provide  good  spatial  resolution,  either  via  the  use 
of  the  configuration  of  the  laser  beams  (CARS)  or 
by  monitoring  a  small  elemental  length  of  the  laser 
beam  (SRS,  LIF,...).  We  also  present  the  electron 
beam  fluorescence  (EBF),  which  is  also  a  suitable 
technique  to  determine  the  number  density  and 
velocity. 

Other  optical  techniques  to  be  discussed  involve 
emission  or  absorption  phenomena  which  exploit 
the  idea  that  air  species  in  real-gas  flows  are 
optically  active  and  allow  emission  or  absorption 
spectroscopic  techniques  to  be  used.  These  latter 
are  integrated  line  of  sight  measurements  which 
are  appropriate,  for  instance,  for  the 
characterization  of  the  quasi  one-dimensional 
flows  in  a  nozzle  expansion.  In  particular,  diode 
laser  absorption  spectroscopy  has  a  potential  for 
great  accuracy  in  the  acquisition  of  the 
translational  temperature  and  velocity. 

From  this  exhaustive  list,  three  techniques,  which 
are  mainly  used  at  ONERA  for  the'study  of  high- 
enthalpy  flows  will  be  selected  for  a  detailed 
evaluation  including:  Coherent  anti-Stokes  Raman 
Spectroscopy,  electron  beam  fluorescence  and 
Diode  laser  absorption  spectroscopy. 

Review  of  potential  hypersonic 
diagnostic  techniques 

Measurements  are  primarily  performed  by  using 
laser  scattering  off  the  molecules  or  particles 
seeded  into  the  flow.  They  can  be  implemented 
using  their  incoherent  scattering  of  a  laser  beam  or 
coherent,  nonlinear  optical  arrangements;  the 
molecules  can  also  be  excited  by  electrons  beams  of 
several  kiloelectron  volts,  which  can  induce 
fluorescence  in  the  visible,  ultraviolet  and  X  ray 
regions. 

Incoherent  Scattering 

Incoherent  scattering  is  observed  by  illuminating 

the  gas  with  a  focused  laser  beam.  The  light 


scattered  at  right  angles  by  the  gas  molecules  is 
collected  by  a  lens,  spectrally  analyzed  using  a 
spectrograph,  and  detected  by  means  of  PM  tubes 
or  detector  arrays.  Three  sorts  of  scattering 
processes  in  molecules  are  commonly  recognized 
and  schematically  depicted  in  the  energy-level 
diagrams  in  Figure  1.  Commercial  pulsed  lasers 
can  be  employed,  giving  a  typical  time  resolution 
of  10  ns,  which  is  suitable  for  short-duration 
facilities.  The  energy  per  pulse  needed  is  in  the 
range  10-100  mJ.  Continuous  wave  lasers  also  can 
be  used  for  steady  state  flows,  and  the  spatial 
resolution  is  typically  0.1-1  mm3. 


(•)  (b)  (e) 


Figure  1  Energy  level  diagram  for  Rayleigh  (a), 
Raman  (b),  and  fluorescence  (c)  scattering. 

Rayleigh  Scattering 

The  elastic  scattering  of  light  quanta  from 
molecules  is  termed  Rayleigh  scattering  and  is  the 
phenomenon  giving  rise  to  the  blue  appearance  of 
the  sky.  Because  the  scattering  process  is  elastic, 
the  photons  are  scattered  in  all  directions  and  have 
the  same  energy  as  the  laser  photons,  the  scattered 
light  is  unshifted  in  frequency  and,  hence,  not 
specific  to  the  molecule  causing  the  scattering. 
Thus  the  technique  can  be  used  for  total  density 
measurements  but  not  for  individual  species 
concentrations.  From  a  practical  viewpoint, 
Rayleigh  scattering  is  a  weak  process  that  requires 
total  absence  of  stray  light  at  or  near  the  laser 
wavelength.  Also,  the  laser  should  not  impact  any 
solid  surface  near  the  volume  under  probe  to  avoid 
strong  interference.  Particles  suspended  in  the  flow 
also  cause  Mie  scattering  (see  below)  that 
constitutes  another  form  of  interference.  This 
problem  actually  limits  the  sensitivity  of  the 
method  to  densities  of  the  order  lO'-lO 2  normal  at 
best.  Its  potential  use  is  thus  restricted  to  classical 
subsonic  and  low  supersonic  tunnels.  Proximity  of 
a  wall  is  also  a  major  source  of  interference 
because  the  laser  light  scattered  off  the  surface  is 
many  orders  of  magnitude  stronger  than  that  from 
the  molecules.  Rayleigh  scattering  is  thus 
proscribed  in  boundary  layers  studies.  Filtered 
Rayleigh  scattering  can  solve  that  problem  [3]. 
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Mie  Scattering 

Elastic  scattering  of  light  quanta  from  particulate 
matter  is  termed  Mie  scattering.  Mie  scattering 
designates  the  signal  scattered  by  particles  with 
sizes  comparable  to  or  larger  than  the  wavelength 
of  the  illuminating  laser  (0.4-0.6  nm,  typically).  It 
is  a  close  parent  of  Rayleigh  scattering.  It  is  not 
dependent  on  molecular  number  density  or 
temperature  and,  hence,  cannot  be  used  to  provide 
such  information.  It  is  the  basic  effect  underlying 
the  Laser  Doppler  Velocimetry  (LDV)  [4].  While 
LDV  works  remarkably  well  in  subsonic  and  low 
supersonic  flows,  it  has  met  with  mixed  success  in 
hypersonic,  because  the  low  density  is  too  low  to 
carry  the  particles,  especially  through  shocks.  An 
interesting  assessment  is  found  in  Ref.l.  It  can  be  a 
very  strong  process  depending  on  particle  number 
density  and  particle  size,  and  is  a  potential  source 
of  interference  in  high  enthalpy  flows. 

Spontaneous  Raman  Scattering 
Raman  scattering  is  the  inelastic  scattering  of  light 
from  molecules  as  illustrated  in  Fig.l  and  is  termed 
rotational,  vibrational  or  electronic  depending  on 
the  nature  change  which  occurs  in  the  molecule. 
The  process  is  essentially  instantaneous  occurring 
within  a  time  of  10"12  s  or  less.  The  molecule  may 
either  become  excited  or  deexcited  depending  on 
its  original  state  prior  to  the  interaction.  Due  to  the 
quantization  of  the  molecular  energy  states,  the 
Raman  spectrum  is  located  at  fixed  frequency 
separations  from  the  laser  line  characteristic  of  the 
molecule  from  which  the  scattering  emanates.  This 
property  is  extremely  interesting,  because  it  offers 
chemical  selectivity,  since  the  frequency  difference, 
which  is  proportional  to  the  vibrational  quanta, 
differs  from  molecule  to  molecule.  Spectroscopy  of 
the  scattered  light  thus  reveals  the  presence  of  the 
various  chemicals  and  allows  concentration 
measurements.  It  also  offers  temperature 
measurement  capacity:  the  energy  of  the 
vibrational  quantum  slightly  depends  on  the 
rotational  state  of  the  molecule.  Each  rotational 
state  thus  gives  a  specific  line,  which  is  separable 
from  its  neighbors  under  high  spectroscopic 
resolution.  The  states  being  populated  according  to 
Boltzmann’s  law,  spectral  analysis  yields  the 
rotational  temperature;  the  latter  is  generally  equal 
to  the  static  temperature  of  the  gas.  Measurement 
accuracy  is  of  the  order  of  50-100  K  if  the  signal- 
to-noise  ratio  is  good.  Even  better  performance 
seems  attainable  under  special  conditions  using  a 
variant  called  rotational  Raman  scattering. 

Unfortunately,  Raman  scattering  is  weaker  than 
Rayleigh  scattering,  typically  by  a  factor  of  100- 
1000.  Its  use,  in  spite  of  its  other  attractive 
characteristics,  is  thus  restricted  to  aerodynamic 


flows  above  or  close  to  normal  density,  and  to 
weakly  luminous  flames.  Its  effective  detection 
sensitivity  with  state-of-the-art  lasers  and  detection 
optics  is  in  the  range  1015-1016  molecules  cm  3  for  a 
spatial  resolution  set  at  1  mm3.  Thus,  it  has  a  little 
future  in  hypersonics  with  today’s  lasers  and 
detectors  unless  densities  as  high  as  at  least  10"1 
normal  are  achieved  in  the  free  stream,  and  stray 
light  and  flow  luminosity  are  kept  very  low.  Some 
applications  of  Raman  scattering  to  aerodynamics 
flows  can  be  found  in  [5, 6]. 

Fluorescence  Scattering 

Fluorescence  is  the  emission  of  light  from  an  atom 
or  molecule  following  promotion  to  an  excited  state 
by  various  means:  heating,  chemical  reaction 
(chemiluminescence),  electron  bombardment,  or 
absorption.  Here  only  the  two  last  means  will  be 
considered.  The  precise  definition  of  fluorescence 
requires  that  emission  occur  between  electronic 
energy  states  of  the  same  multiplicity,  i.e.  the  same 
electronic  spin  states.  Emission  between  states  of 
different  electronic  spin  is  called  phosphorescence. 
In  general,  fluorescence  lifetimes  are  between  10'10 
and  10'5  s,  much  shorter  than  the  phosphorescent 
lifetimes  of  1CT4  s  to  seconds.  The  light  emission 
may  be  shifted  in  wavelength  from  the  incident 
light  (fluorescence)  or  occur  at  the  same 
wavelength  (resonance  fluorescence).  In  general,  it 
is  desirable  to  examine  shifted  emission  to  avoid 
potential  from  particles  (Mie  scattering)  or 
spurious  laser  scattering. 

Fluorescence  is  of  diagnostic  interest  since  it 
combines  the  species  selectivity  of  Raman 
scattering  with  far  stronger  signal  intensities.  It  is 
closely  related  to  Raman,  but  with  the  exciting 
laser  tuned  onto  resonance  with  the  one-photon 
absorption  lines  of  the  molecule  of  interest.  This 
trick  enhances  the  scattering  cross  section  -  and 
therefore  the  signal  strength  -  by  many  orders  of 
magnitude  and  makes  it  possible  to  detect  parts- 
per-million-level  traces  in  flames  as  the  OH  radical 
and  the  NO  pollutant.  Detection  sensitivities  lie  in 
the  range  10lo-1012  cm"3. 

The  principles  of  LEF  are  well-known  (see  refs.  7-8 
and  articles  cited  herein  for  an  up-to-date  review) 
and  need  not  to  be  repeated  in  detail  here.  In  brief, 
a  laser  source  is  tuned  to  excite  a  specific  electronic 
absorption  transition  in  the  species  of  interest. 
Following  the  absorption  process,  collisional 
redistribution  in  the  electronically  excited  state 
may  occur  prior  to  either  collisional  quenching  or 
radiative  de-excitation  (fluorescence)  of  the 
molecule  back  to  a  lower  electronic  state.  The 
emission,  which  occurs  over  a  range  of 
wavelengths,  is  usually  collected  at  right  angles 
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and  filtered  spectrally  at  the  photodetector.  For  a 
given  species,  the  variables  in  the  LIF  process  are 
the  transition  pumped,  the  detection  spectral 
bandpass,  the  spectral  intensity  of  the  laser,  and,  in 
the  case  of  narrow  linewidth  laser,  the  location  of 
excitation  within  the  absorption  line  profile.  LIF 
may  be  thought  of  as  potentially  with  the 
intersection  of  the  illumination  and  collection 
beam  paths  controlling  the  spatial  resolution  of  the 
measurement.  In  the  case  of  sheet  beam 
illumination  and  detection  with  an  array  detector, 
the  size  of  the  detector  pixels  and  the 
magnification  of  the  collection  optics  controls  the 
size  of  the  measurement  volume  at  each  image 
“point”  [9]. 

The  governing  equation  of  the  LIF  signal,  S,  is 
based  on  a  simple  two-level  model  with  weak 
(unsaturated)  excitation,  for  a  single  detector  pixel, 
is  [10-11] 

S  =  CEVNsBFvj{T)[aKMQ)\ 

Here,  C  is  a  group  of  constants  specific  to  the 
experimental  set-up.  E  is  the  laser  energy  per  pulse 
per  unit  area  per  unit  frequency,  V  is  the 
measurement  volume  for  the  detector  element,  Ns 
is  the  number  density  of  the  absorbing  species,  Fvj 
is  the  population  fraction  for  the  pumped  state,  B  is 
the  Einstein  coefficient  for  absorption,  and  A  is  the 
appropriate  (for  the  transitions  monitored)  Einstein 
coefficient  for  spontaneous  emission.  The 
parameter  Q  represents  the  sum  rate  of  all  other 
transfer  processes  which  eliminate  into  the 
detection  bandwidth.  In  the  most  common  case, 
these  processes  are:  dissociation,  energy  transfer  to 
other  internal  energy  states  within  the  same 
molecule,  and  chemical  reaction.  These  processes 
competitive  with  fluorescence,  termed  quenching 
processes,  reduce  the  signal  strength  which  can  be 
obtained  and  complicate  interpretation  of  the  data. 
In  principle,  if  all  the  quenching  species  densities 
are  known,  and  if  all  of  the  appropriate  quenching 
rate  is  available,  analytical  quenching  corrections 
to  the  data  would  be  possible  [12,  13]. 

LIF  was  at  first  used  for  point  measurements, 
particularly  in  flames  and  in  supersonic,  low 
pressure  streams  (for  mixing  studies  using  traces  of 
iodine  gas  as  a  seeder).  For  the  past  5-10  years, 
however,  it  has  primarily  been  employed  for  flame 
and  flowfield  imaging  (see  below),  thanks  to  the 
introduction  of  intensified  two-dimensional  charge- 
coupled  device  (CCD)  detector  arrays.  Several 
applications  to  hypersonics  are  compiled  in  Ref.  1. 
Recent  work  has  focused  on  concentration 
measurements  of  copper  [14]  and  oxygen  atoms 
[15-16],  By  scanning  the  absorption  lines  with 


their  tunable  lasers,  these  authors  were  also  able  to 
detect  the  Doppler  shift  resulting  from  the  flow 
motion  and  to  deduce  the  flow  velocity  with  an 
accuracy  on  the  order  of  10-15  %. 

A  good  application  of  such  work  is  shown  in  the 
following  example  which  illustrates  the  capabilities 
of  this  technique  to  study  high  enthalpy  flows  [17]. 
The  flowfield  of  the  high  enthalpy  facility  L2K  of 
the  Deutsche  Forshungsanstalt  fur  Luft  and 
Raumfahrt  (DLR)  have  been  explored  using  the 
LIF  technique  in  order  to  characterize  the 
conditions  in  the  test  section  free  stream  flow  and 
also  to  probe  the  shock  layer  induced  by  a  model 
placed  in  the  flow.  The  arc  heated  facility,  which  is 
mainly  used  for  testing  thermal  protection 
materials,  offers  a  wide  choice  of  flow  conditions  to 
simulate  the  stagnation  conditions  during  shuttle 
re-entry.  The  L2K  facility  can  be  operated  during 
several  hours  without  interruption.  It  uses  two 
hollow  copper  electrodes  and  is  powered  by  a  direct 
current  power  supply.  The  high  enthalpy  gas  flows 
through  a  small  settling  chamber  then  through  a 
conical  nozzle  toward  a  vacuum  chamber.  The 
mass  flow  rate  is  50  g/s.  The  total  enthalpy 
delivered  to  the  gases  is  6.7  MJ/Kg  and  the 
stagnation  pressure  and  temperature  are  1.3  105  Pa 
and  3910  K  respectively.  The  flow  field  in  this 
facility  is  dominated  by  nonequilibrium 
phenomena. 

intensity  [a.u.] 


Figure  2  Excitation  spectrum  of  NO  recorded  in 
the  free  stream  at  the  LBK  facility. 

NO  has  been  used  as  a  natural  tracer  for  the  LIF 
experiments.  A  tunable  excimer  laser  (lambda 
Physics  LPX  150)  is  operated  with  ArF  to  generate 
light  pulses  with  a  duration  of  20  ns  and  a  power  of 
up  to  240  mJ  at  the  wavelengths  of  NO  transitions 
in  the  192.8  nm-193.8  nm  spectral  range.  Because 
of  the  L2K  continuous  flow,  characterization  of  the 
free  stream  flow  has  been  made  by  recording  the 
excitation  spectrum  of  NO  in  the  flow.  For 
instance,  a  typical  free  stream  excitation  spectrum 
is  shown  in  Fig  2.  The  analysis  of  the  line 
intensities  allows  the  determination  of  the 
rotational  temperature.  The  absolute  number 
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density  of  NO  can  be  also  deduced  from  the 
comparison  of  the  fluorescence  signals  with  those 
measured  in  a  calibration  experiment  where  all  the 
physical  parameters  are  known. 


Two-dimensional  laser  induced  fluorescence 
images  of  NO  upstream  of  the  model  are  also 
recorded  by  tuning  the  laser  to  a  NO  transition 
(excitation  frequency  of  51625  cm-1).  Figure  3 
shows  clearly  the  shock  shape  with  a  shock  stand 
off  of  13-14  mm  at  the  model  axis.  The  increase  of 
the  NO  fluorescence  signal  behind  the  shock  front 
is  related  to  the  increase  of  the  number  density  and 
to  the  temperature  elevation.  Due  to  quenching 
effects,  the  fluorescence  intensity  decreases  in 
region  close  to  the  model. 


Figure  3  Two-dimensional  LIF  image  of  NO 
recorded  upstream  of  the  model  at  the  LBK  facility 

Electron  beam  Fluorescence 
Electron  beam  fluorescence  (EBF)  bears  some 
resemblance  to  LIF  excepted  that  the  laser  beam  is 
replaced  by  a  high  energy  electron  beam.  Electron 
guns  such  as  those  employed  in  electron 
microscopy  are  used,  but  even  more  powerful 
sources  like  pseudo-sparks  are  sometimes  utilized. 
The  high  energy  electrons  induce  broadband 
excitations  onto  the  molecules  under  probe  and 
eventually  ionize  them.  For  nitrogen  at  10"4  normal 
density,  the  main  process  is 

N2  +  ep'  -»  N2+*  +  ep  +  e^ 

Where  e‘p  is  a  primary  electron  (from  the  electron 
beam)  and  e's  a  secondary  electron  of  an  energy  of 
a  few  electron  volts  emitted  during  the  formation  of 
the  N2+  ion.  This  ion,  which  is  excited  by  the 
collision  on  one  of  its  vibronic  states,  denoted  by 
the  *  symbol,  promptly  loses  its  energy  via 
emission  of  a  photon, 


N2+*  ->  N/  +  hv 

in  the  near  ultraviolet.  The  luminescence  is 
interesting  because  its  intensity  is  proportional  to 
the  N2  number  density  and  its  spectral  content 
reveals  the  original  population  distribution  on  the 
quantum  states  of  the  N2,  allowing  temperature 
measurements  to  be  performed.  The  secondary 
electrons  remain  confined  in  the  immediate 
vicinity  of  the  ions  by  the  space  charge  and 
continue  to  have  low-energy  collisions  with  them; 
these  collisions  reexcite  them  and  maintain  a 
luminescence  by  the  processes 

N2+  +  es'  ->  N2+*  +  es' 

N2+’  -»  N2+  +  hv 

This  causes  the  luminescence  to  persist  several 
microseconds  or  tens  of  microseconds  after  the 
high-energy  electron  beam  has  been  turned  off. 
This  phenomena  can  be  exploited  for  free  stream 
velocity  measurements  by  flow  tagging,  followed 
by  time-of-flight  detection  [18].  EBF  also  measures 
rotational  and  vibrational  temperatures  by 
dispersing  the  spectrum  of  the  emitted 
fluorescence. 

Typical  applications  of  EBF  can  be  found  in  ref.  1. 
Both  point  measurements  and  imaging  (see  below) 
are  used.  The  spatial  resolution  is  of  the  order  of  1 
mm3;  it  is  usually  a  little  worse  than  in  the  laser 
scattering  techniques.  Recently,  encouraging 
results  were  reported  using  a  pseudo-spark 
mounted  on  a  model  [19].  However,  EBF  suffers 
from  a  difficulty  associated  with  quenching: 

n2+*  +  n2->n2++n2 

Quenching  reduced  the  fluorescence  yield  and 
interferes  with  the  concentration  measurements  at 
densities  above  a  few  1CT*  normal.  Detection  of  the 
X-ray  emission,  which  results  from  a 
Brehmstrahlung  process  and  suffers  no  quenching, 
offers  an  interesting  alternative  [20]. 

EBF  has  so  far  been  used  primarily  in  low  and 
medium  enthalpy  facilities  for  imaging. 
Illumination  is  achieved  by  rastering  the 
continuous-wave  beam  emitted  by  the  electron  gun, 
giving  a  triangular  field.  Mohamed  et  al.  have 
done  interesting  studies  using  this  method  on 
shock-shock  interaction  configurations  between  a 
flat  plate  and  a  cylinder  [18].  In  spite  of  the  quality 
of  such  images,  work  at  high  enthalpy  facilities  is 
impaired  by  the  weakness  of  the  scattering  and  the 
strength  of  the  stray  light.  Higher-current  electron 
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beams  are  thus  required.  Recently,  a  new  electron- 
beam  source  based  on  a  pseudospark  electron  gun 
and  capable  of  delivering  a  thin-pulsed  sheet  45  cm 
in  length  has  been  developed  at  Onera.  This  source 
shows  great  promise  for  future  work  in  high- 
enthalpy  facilities.  However,  the  main  constraint  is 
that  flows  should  not  exceed  densities  of  10'3 
normal  to  avoid  excessive  electron-beam  blowup. 

The  pseudospark  technology  consists  of  two 
electrodes  in  the  form  of  coaxial  disks,  each  with  a 
central  hole,  separated  by  a  gap  of  a  few 
millimeters.  (Fig  4).  The  upper  disk  forms  the 
cathode,  whereas  the  lower  one  acts  as  the  anode. 
Injection  of  109-1010  electrons  to  the  back  of  the 
cathode  induces  the  electrical  breakdown  of  the 
gap  between  the  two  electrodes.  The  standing 
voltage  that  can  exceed  60  kV  for  a  single-stage 
apparatus  then,  typically,  collapses  to  zero  in  20-50 
ns.  This  is  simultaneously  accompanied  by 
emission  of  a  very  bright  pinched  electron  beam 
along  the  axis  of  the  disks.  The  maximum  current 
is  then  300-1000  A,  the  mean  section  is  in  the 
square  millimeter  range,  and  the  electron  energy  is 
related  to  the  instantaneous  voltage  between  the 
electrodes.  The  fast  electrons  exit  the  anode  disk 
orifice  and  can  propagate  for  a  few  tens  of 
centimeters  in  a  low-pressure  medium.  In  practice, 
the  pseudospark,  which  operates  in  a  same  gas  as 
the  flow,  is  provided  with  its  proper  gas-pressure 
control  device  and  communicates  with  the  wind 
tunnel  through  a  reduced  hole  of  0.3  mm  diameter. 
This  allows  one  both  to  achieve  a  narrower 
electron  beam  for  the 

gas  ionization  trace  and  to  maintain  a  low  pressure 
inside  the  pseudospark. 


Figure  4  Schematic  diagram  of  the  pseudo-spark 
electron  gun  for  velocity  measurement 


A  solution  avoiding  the  important  problem  of  the 
ionization  of  the  gas  leading  to  the  production  of 
the  conductive  plasma  of  ions  and  secondary 
electrons  has  been  elaborated  to  maintain  the 
electron  beam  elsewhere  in  the  wind  tunnel.  The 
proposed  strategy  was  to  use  simultaneously  the 
fast  electron  emission  by  the  pseudospark,  together 
with  its  high-voltage  breakdown  capability,  to 
sustain  across  the  plasma  column  a  supplementary 
discharge  current  of  much  longer  duration  than  the 
pulsed-electron  beam.  This  induces  an  intense 
fluorescence  that  persists  for  some  microseconds, 
as  long  as  an  electrical  current  of  a  few  amperes 
feeds  the  conductive  trace.  During  this  time,  the 
column  is  convected  and  deformed  by  the  flow 
following  the  velocity  profile  that  is  present. 

Using  an  intensified  CCD  camera,  the  column  of 
the  gas  can  be  photographed  after  some  delay, 
showing  its  displacement.  One  can  then  visualize 
the  velocity  field  along  a  line,  over  a  length  of 
about  25  cm. 

This  approach  has  been  tested  successfully  recently 
at  the  F4  high-enthalpy  wind  tunnel  [21].  Figure  5 
shows  the  image  acquired  90  ms  after  the  onset  of 
the  shot,  during  a  typical  run  at  stagnation 
conditions,  215  bars  and  7.8  MJ/kg.  The  plasma 
column  convected  by  the  flow  after  5  |is  can  be 
seen  at  the  upper  part  of  the  image.  The  top  of  the 
column,  which  lies  in  the  boundary  layer,  is  bent, 
showing  the  velocity  profile.  Fig  6  shows  the 
velocity  profile  deduced  by  the  best  fit  of  the  image 
of  Fig.  6.  The  highest  velocity,  i.  e.,  4100  m/s  (± 
5%)  at  150  mm  from  the  external  boundary  of  the 
stream,  correlates  well  with  the  theory. 


Figure  5  Typical  F4  run,  flow  at  90  ms, 
convection  imaged  5  (is  after  beam  emission. 
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Velocity  Profile 


Shot  #010  -  80  ms  after  the  Onset  ol  the  Squall 


Figure  6  Velocity  profile  at  90  ms  for  run  of 
Fig-5. 

Coherent  scattering 

Coherent  anti-Stokes  Raman  Scattering 
The  possibility  to  carry  out  concentration  and 
temperature  measurements  by  Raman  spectroscopy 
was  proved  since  the  seventies.  A  non  linear 
coherent  signal  optical  process  was  proposed  to 
solve  analysis  problems  which  remain  inaccessible 
using  incoherent  scattering.  This  technique,  named 
Coherent  anti-Stokes  Raman  spectroscopy,  was 
observed  initially  in  aromatic  liquids  in  1965  by 
Maker  and  Terhune  [22].  The  CARS  process 
involves  the  mixing  of  four  coherent  waves,  three 
of  them  are  incident  and  the  fourth  one  is  created 
in  the  medium  under  study.  At  the  beginning, 
CARS  was  used  for  spectroscopic  purposes.  The 
idea  to  employ  it  to  carry  out  non  intrusive  analysis 
in  reactive  gaseous  mixtures  was  bom  at  ONERA 
shortly  after  the  seventies. 

a)  Principle 

The  interaction  of  light  with  matter  is  represented 
by  the  classical  Maxwell’s  equations.  When  the 
bulk  material  has  no  free  charges  and  no 
magnetization,  we  obtain  (in  Gaussian  units): 

—  1  r)  —  ATT  — 

V  x  (V  x  E(r,t))  +  =  ~P(r,t) 

c 2  3r  c 2 

Where  E(r,t)  is  the  total  electric  field  of  the 
incident  waves,  c  is  the  speed  of  light,  and  P(r,t) 
the  electronic  polarization  vector.  With  weak 
incident  electric  fields,  P  responds  linearly  in  terms 
of  E.  With  more  intense  fields,  P  is  written  in 
terms  of  a  power  series  in  the  field  amplitudes: 


Using  the  following  expression  for  the  incident 
electric  field  E(r,t)  as  a  function  of  monochromatic 
planes  waves  of  frequency  ©i  and  of  wave  vectors 
kj,  the  spectral  components  of  the  polarization  can 
be  written  like: 


PW(P,0)q)  = 


i  Y"1 
1 ) 

E(r,a>i)E{r,a)j  )E(r,<ok) 


with  coq=Z©i 

X(1)  is  the  linear  susceptibility.  This  term  accounts 
for  the  classical  phenomena  like  absorption  and 
refraction.  %(2)  is  the  second-order  susceptibility. 
This  latter  vanish  in  isotropic  media  and 
centrosymmetric  crystals.  In  isotropic  media,  the 
first  non-linear  term  is  %(3).  This  term  is 
responsible  for  CARS.  CARS  is  observed  when 
three  waves  with  frequencies  co i  and  ©2  pass 
through  a  gas.  Incident  laser  beams  at  frequencies 
©!  and  ©2  (often  termed  the  pump  and  the  Stokes 
beams  respectively)  interact  through  the  third  order 
non  linear  susceptibility  x(3)  to  generate  a 
polarization  field  which  produces  coherent 
radiation  at  frequency  ©3=2©i-©2.  When  the 
frequency  difference  (©i-©2)  is  close  to  the  Raman- 
active  vibrational  frequency  (©P)  of  a  molecular 
species  of  the  gas,  the  magnitude  of  the  radiation  at 
©3  become  very  large.  Large  enough,  for  instance, 
that  with  typical  pulsed  experimental 
arrangements,  the  CARS  signal  from  room  air  on 
N2  is  visible. 

CARS  offers  very  promising  potential  for  the 
diagnostic  probing  of  hypersonic  flows.  First,  in 
contrast  to  spontaneous  Raman  phenomena,  CARS 
is  fairly  strong  process  leading  to  signal  levels 
typically  several  orders  of  magnitude  larger  than 
those  from  Raman  scattering.  Second,  The  CARS 
signals  are  coherent.  Consequently,  all  of  the 
CARS  signal  can  be  collected.  Contrast  this  with 
the  situation  pertaining  in  the  incoherent  processes 
where  photons  are  scattered  over  4n  steradian  and 
are  collected  only  over  a  limited  solid  angle  £2. 
Furthermore,  since  the  CARS  signal  can  be 
collected  in  an  small  solid  angle,  discrimination 
against  interference  signals  like  background 
luminosity,  florescence,  ...  is  greatly  facilitated. 
Thus,  CARS  is  expected  to  produce  signal  to  noise 
ratio  improvements  of  many  orders  of  magnitude 
over  spontaneous  Raman  scattering. 


P(r ,  t)  =  P0)  (r,  t)  +  Pm  (r,  t )  +  Pm  (r,  t)  + ... 


The  expression  of  the  intensity  of  the  CARS  signal 
at  the  ©3  frequency  is  given  by: 
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/3  =  1.910  25  ©3  j^(3)  (-6)3 ,  <0, ,  ,-©2  ^  I\  I %z2 


where  Fand  I2  are  the  beam  intensities  (W.cm'2)  at 
frequency  C0i  and  ©2  respectively  and  z  is  the  probe 
length.  When  the  incident  beams  are  focused  at  the 
same  point,  the  CARS  signal  is  created  mainly  in 
the  focal  zone.  The  CARS  power  depends  on  those 
of  the  incident  beams  by 

P,  =  2.210-47  cot\z(3}  (-©3  •*>,.«,  ,-a2)\2PSP2 

The  expression  is  obtained  assuming  that  the 
beams  have  the  same  diameter  and  that  their 
divergence  is  limited  by  diffraction.  It  is 
independent  of  the  focal  strength  of  the  lenses  and 
of  the  beam  diameter.  We  note  also  that  the  signal 
is  proportional  to  Pj2P2  which  explains  the  use  of 
high  power  pulsed  lasers. 

The  susceptibility  can  be  written  in  terms  of  a 
resonant  and  non-resonant  part 


5Cnr  is  the  contribution  from  electrons  and  remote 
resonances.  The  resonant  susceptibility  associated 
with  a  homogeneously  broadened  Raman 
transition,  j  is  given  by 

Xr  =  -T-XK  -  )_1  X  (j>g>  -  p$>)XC$ 

if 

The  subscripts  i  and  f  refers  to  initial  and  final 
states  respectively.  Purely  collisional  damping  is 
assumed  in  the  eqn.,  where  is  the  half  width  and 
f  of  the  collisional  Raman  linewidth.  Note  that  the 
populations  appears  as  a  difference  between  the 
initial  states  and  the  final  states.  aif  is  the 
polarizability  matrix  element  of  a  specific 
transition  and  is  related  to  the  well-known  Raman 
cross  section  by 


dak 


\nr 


\2 


For  efficient  CARS  signal  generation,  the  incident 
pump  and  Stokes  laser  beams  must  be  combined  in 
order  to  fulfil  the  phase  matching  condition 


&2 


where  k;  denotes  the  wave  factor  at  frequency  ©i. 
This  condition  stipulates  that  the  anti-Stokes  field 
created  at  any  location  by  the  two  laser  beams  will 
be  phased  properly  with  the  anti-Stokes  wave 


coming  at  upstream  positions.  The  spatial 
resolution  is  of  the  order  of  1  cm  if  one  uses 
collinear  beams  at  the  diffraction  limit  which  are 
focused  at  the  same  point  of  interest  under  a  f- 
number  of  50.  For  some  applications,  particularly 
in  turbulent  flows,  this  is  insufficient.  A  better 
resolution  can  be  obtained  with  a  crossed-beam 
geometry  called  BOXCARS  [23].  In  this 
configuration,  an  additional  beam  of  frequency  ©! 
is  focused  at  the  same  point,  thus  generating  a  new 
signal  beam  in  its  direction.  The  latter  is 
generated  from  the  volume  common  to  all  the  laser 
beams.  The  spatial  resolution  obtained  is  then  of 
the  order  of  several  mm. 

All  the  CARS  experiments  aim  at  recording  the 
variations  of  P3  versus  the  frequency  difference 
(©!-©2).  The  CARS  spectrum  allows  both  the 
chemical  and  temperature  analysis  of  the  gas 
mixture: 

-  The  spectral  positions  of  the  lines  or  bands  are 

characteristic  of  the  molecular  species; 

-The  line  strengths  permit  the  measurement  of 

the  molecular  densities; 

-The  population  distributions  on  the  diverse 

quantum  states  yield  the  temperature. 

Several  methods  are  possible  to  record  CARS 
spectra.  The  first  one,  called  scanning  CARS,  uses 
a  monochromatic  laser  and  a  narrow  band  tunable 
laser.  The  spectra  are  recorded  step  by  step  by 
scanning  (©,-©2),  the  fixed  frequency  laser  being 
usually  the  ©1  laser.  Scanning  CARS  gives  an 
excellent  spectral  resolution  and  a  good  sensitivity 
of  the  order  of  1014  cm'3  but,  because  several 
minutes  are  often  requested  for  data  recording, 
only  stable  or  reproducible  media  can  be  studied. 
The  second  method,  called  broadband  CARS,  is 
well  suited  to  study  fluctuating  or  transient 
phenomena.  It  requires  a  monochromatic  laser  and 
a  laser  covering  a  wide  range  of  frequencies.  The 
entirety  of  the  CARS  spectrum  is  generated  during 
a  single  shot  laser.  The  laser  energy  being  now 
spread  over  a  wide  spectral  domain,  the  CARS 
signal  intensity  is  reduced  by  several  orders  of 
magnitude.  The  detection  limit  increases  to  1017 
cm'3.  The  third  technique,  called  the  dual-line 
CARS  is  used  to  study  short-duration  low  density 
phenomena.,  when  neither  broadband  CARS  or 
scanning  CARS  can  be  used.  It  requires  a 
monochromatic  laser  and  two  tunable  narrow  band 
lasers  tuned  so  that  (©i-©2>  and  (®r©’2)  are  in 
resonance  with  two  Raman  frequencies  of  the 
molecule.  Spectra  are  no  longer  recorded  but  the 
temperature  is  obtained  from  the  ratio  of  the  two 
CARS  intensities  and  the  density  from  the  line 
strengths. 
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b)  experimental  setup 

CARS  set-up  are  made  up  of  an  emission  part  and 
of  a  reception  part  separated  by  the  measuring  and 
reference  channels.  We  will  describe  successively 
the  emission  block,  a  typical  arrangement  of  the 
measuring  and  reference  channels,  and  finally  the 
detection  system.  This  later  differs  according  to  the 
type  of  spectroscopy  which  is  implemented.  The 
instrument  developed  at  ONERA  has  been 
conceived  to  be  reliable,  transportable  and 
versatile.  It  allows  the  three  CARS  techniques.  All 
the  optics,  laser  sources  and  mixing  optics,  are 
mounted  on  a  transportable  table.  The  main 
element  of  the  set-up  is  the  Nd:YAG  laser  chain. 
The  frequency  doubled  Nd:YAG  laser  is  operated 
in  single  longitudinal  and  transverse  mode.  This 
property  is  felt  to  be  quite  important  for  CARS  in 
the  gas  phase.  A  pockels  cell  is  used  to  trigger  the 
Nd:YAG  oscillator.  Because  there  is  then  no  way 
to  maintain  the  less  efficient  mode  below  the 
threshold,  the  single  mode  operation  is  forced  by 
seeding  the  oscillator  with  a  CW  single  mode 
diode-pumped  micro  Nd:YAG  laser.  With  one 
amplifier  and  a  KDP-type  2  frequency  doubler,  the 
YAG  chain  delivers  400  mJ  at  532  nm  in  11  ns 
pulses.  Using  a  second  KDP  crystal  like  above, 
gives  70  mJ  at  532  nm.  This  beam  is  used  to  pump 
a  dye  laser  oscillator. 

For  scanning  CARS  experiments,  the  dye  laser 
chain  is  composed  of  a  dye  laser  and  one  amplifier. 
The  oscillator  comprises  an  uncoated  wedged 
output  mirror,  a  2100  groves/mm  grazing 
incidence  grating,  a  four  prism  expander  and  a  flat 
rotating  back  mirror.  The  linewidth  is  0.07  cm'1 
(FWHM).  The  tuning  is  driven  by  steeping  mirror 
which  allows  both  a  continuous  sweep  from  500  to 
800  nm  in  coarse  steps  of  0.07  cm"1,  and  limited 
sweeps  of  6  nm  around  the  coarse  drive  setting  in 
fine  steps  of  0.007  cm"1.  After  the  amplifier  cell, 
pumped  by  1/3  of  the  main  532  nm  beam,  the  dye 
chain  energy  ranges  between  1  and  10  mJ 
depending  on  the  dye  and  the  pump  energy. 

For  broadband  CARS  experiments,  the  dye  laser 
chain  is  also  composed  of  a  dye  laser  and  one 
amplifier.  The  oscillator  is  formed  by  a  100  %  back 
mirror  and  an  uncoated  wedged  output  mirror.  A  3 
p.m- thick  Fabry-Perot  etalon  is  used  for  the  tuning. 
The  oscillator  is  pumped  by  the  second  part  of  the 
532  nm  generated  by  the  second  KDP.  The  laser 
linewidth  is  of  the  order  of  100  cm"1.  After  the 
amplifier  cell,  pumped  by  1/3  of  the  main  532  nm 
beam,  the  dye  chain  energy  is  5  mJ. 

For  dual  line  CARS,  both  dye  lasers  are  used 
simultaneously.  The  linewidth  of  the  broadband 
laser  is  narrowed  by  an  interference  filter  and  two 


intracavity  Fabry-Perot  etalons.  They  are  0.1  mm 
and  1  mm  thick  respectively.  The  linewidth  is  then 
0.2  cm"1. 

Prior  leaving  the  CARS  table,  the  beams  are 
expanded  to  6-7  mm  by  means  of  telescopes.  The 
Nd:YAG  beam  passes  through  a  tilted  parallel 
plate  which  splits  the  beam  into  two  parallel  beams 
of  equal  energy.  A  simple  translation  of  the  plate 
transmits  the  collinear  and  BOXCAR 
arrangements.  XI2  and  A/4  wave  plates  can  also  be 
inserted  for  proper  background  cancellation  at  the 
signal  probe  volume.  Finally,  a  dichroic  mirror  is 
used  to  align  the  ©i  beams  along  with  the  ©2  beam. 

It  is  well  known  that  CARS  suffer  large  shot  to 
shot  fluctuations,  larger  than  those  due  to  Poisson 
statistics.  CARS  signals  usually  vary  between  1 
and  3  successive  laser  shots  which  makes  it 
difficult  to  use  CARS  without  care.  The  origin  of 
these  fluctuations  are  two  fold,  apart  from  those 
given  by  the  analyzed  media: 

-  the  directions  and  the  aberrations  of  the  laser 
beams  vary  slightly;  this  modifies  the  phase  and 
intensity  distribution  within  the  probe  volume 
and  consequently  changes  the  signal  intensity. 

-  the  mode  frequencies  and  mode  amplitudes  of 
the  multimode  dye  lasers  are  random.  The 
modes  excite  more  or  less  resonantly  the 
Raman  lines.  This  constitutes  the  main  source 
of  fluctuations  when  the  Raman  linewidth  is 
smaller  than  the  free  spectral  range  between  the 
modes  as  it  is  encountered  in  low  density 
media. 

The  solution,  now  currently  used,  consists  in 
dividing  the  measuring  signals  by  a  reference 
CARS  signal  measured  simultaneously.  The  optical 
arrangement  of  the  referencing  and  measuring 
channels  depends  on  the  experiment.  Referencing 
signal  is  usually  created  in  a  cell  filled  with  one 
atmosphere  of  a  non  resonant  gas  like  Argon.  For 
dual-line  CARS,  the  rare  gas  referencing  is 
replaced  by  referencing  in  the  gas  analyzed  in  the 
measuring  channel  in  order  to  take  into  account 
more  precisely  the  effects  of  the  mode  structure  of 
the  dye  laser. 

In  scanning  CARS,  the  anti-Stokes  signals  are 
filtered  by  means  of  compact  double 
monochromators,  preceded  by  dichroic  filters  to 
prevent  breakdown  of  the  monochromator  slits  and 
detected  by  PM  tubes.  The  latter  are  mounted  in 
the  same  rack  as  the  electronic  signal  processing 
unit  to  reduce  pick  up  problems.  The  light  is  thus 
piped  from  the  monochromator  to  the  detectors  by 
means  of  1  mm  diameter  fibers.  The  photocurrent 
pulses  are  treated  by  a  computer-controlled  home- 
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made  electronic  unit,  which  gates  them,  calculates 
their  ratios  square  roots  and  averages  for  a  fixed 
numbers  n  of  shots  (n=l  to  50  in  practice).  The 
code  rejects  shots  which  do  not  fall  within  35  %  of 
the  mean  reference  leg.  It  also  maintains  the  signal 
in  the  upper  half  part  of  the  AD  converter  by 
changing  electronics  attenuators  and  PM  high 
voltages.  Moreover,  it  tunes  the  dye  laser  after  the 
n  shots  have  been  collected. 

For  multiplex  CARS,  the  anti-Stokes  signals  are 
dispersed  by  spectrographs  and  detected  with 
intensified  photodiode  arrays  (EGG  512).  The 
dispersive  element  in  the  spectrographs  is  a  2100 
lines/mm,  aberration-corrected  concave 
holographic  grating  with  curvature  radius  of  750 
mm.  The  spectrum  is  imaged  with  a  4x 
magnification  optics  onto  the  detector  target.  The 
net  spectral  resolution  is  0.8  cm'1  and  the 
dispersion  is  0.12  cm'1  per  diode.  Both  signal  and 
reference  spectra  are  recorded  simultaneously  on 
the  signal  and  reference  arrays  and  ratioed  channel 
by  channel;  square  roots,  and  averages  if  necessary, 
are  subsequently  processed. 

c)  data  processing 

For  multiplex  CARS,  the  data  processing  is 
performed  by  comparing  the  experimental  profiles 
to  the  theoretical  ones.  Because  the  calculation  of 
theoretical  spectral  is  time  consuming  even  with 
the  faster  computers,  the  use  of  a  library  of  pre¬ 
calculated  theoretical  contours  has  been  adopted. 
The  different  parameters  like  the  rotational 
temperature,  the  vibrational  temperature  (when  a 
nonequilibrium  regime  exist)  are  determined  by 
using  a  least  squares  routine  giving  the  best  fit 
between  the  profiles.  With  this  data  processing,  the 
standard  deviation  of  the  temperature  remains  less 
than  4  %  for  conditions  of  temperature  and 
pressure  equal  to  3200  K  and  1  bar  respectively. 

Scanning  CARS  is  usually  set  up  to  analyze  low 
density  media  such  as  hypersonic  flows, 
discharges,  low  pressure  CVD  reactors..  As  often 
when  scanning  CARS  is  used  to  analyze  a  low- 
pressure  medium,  the  spectrum  is  composed  of 
isolated  lines.  The  logical  way  to  process  the  data 
has  been  fully  explained  in  Ref  27:  The  rotational 
temperature,  the  vibrational  temperature  and 
finally  the  density  are  successively  inferred.  The 
rotational  temperature  TR(V)  of  the  vibrational 
band  V  is  measured  by  plotting  the  natural 
logarithm  of  the  lines  amplitudes  versus  the 
energies  of  the  lower  states  of  the  Raman 
transitions.  From  the  expression  of  x(3),  it  can  be 
seen  that  the  line  amplitude  is  proportional  to  the 
rotational  population  difference  and  so  to  the 
rotational  population  if  one  assumes  that  the 


rotational  temperature  does  not  depend  on  the 
vibrational  band.  The  diagram  is  called  a 
Boltzmann  diagram.  TR(V)  is  obtained  from  a 
linear  regression  with  an  accuracy  ATR.  ATR 
depends  on : 

-  the  number  of  rotational  lines  and  the  energy 
gap  between  the  lower  and  the  upper  energy 
levels  which  have  been  probed, 

-the  signal  to  noise  ratio  at  peak  intensity  of 
each  rotational  line 

-Tr(V).  A  simple  calculation  shows  that  ATR  is 
proportional  to  the  square  of  TR(V)  for  fixed 
above  conditions. 

As  a  consequence,  ATR  ranges  generally  from  10- 
50  K  for  low  V  and  increases  rapidly  for  high  V 
when  the  signal  strength  decreases.  Furthermore,  it 
is  found  that  ATR  is  in  good  agreement  with  the 
standard  deviation  of  repetitive  measurements. 

The  total  population  difference  between  the  V  and 
V+l  vibrational  states  are  calculated  assuming  a 
Boltzmann  distribution  at  TR  on  the  entire 
vibrational  bands.  Each  vibrational  band  strength 
is  corrected  for  the  dependence  of  the  Raman  cross 
section  on  (V+l)  and  the  line  profile  through  the 
Doppler  effect. 

Once  the  signal  strength  dependence  have  been 
taken  into  account,  the  vibrational  population  is 
then  obtained  from 

V  max 

Nv  =  £AAV+Vvmax+1 
v±v 

Where  Vmax  is  the  quantum  number  of  the  upper 
level  of  the  last  observed  band.  The  population  of 
this  level  may  be  extrapolated  from  the  lower 
populations.  Its  value  does  not  modify  appreciably 
the  vibrational  population  distribution.  A 
Boltzmann  diagram  of  the  vibrational  populations 
yields  the  vibrational  temperature  if  existing. 
Summing  the  vibrational  populations  gives  the 
total  number  density  of  the  species. 

Using  dual-line  CARS,  one  no  longer  obtains  a 
spectrum.  Supposing  the  CO2  and  co’2  lasers  are 
tuned  on  the  rotational  Q-lines  J  and  J’,  the 
electronic  system  delivers  four  signals:  two  signals 
from  the  reference  channel  R(J)  and  R(J’);  two 
signals  from  the  measuring  channel  S(J)  and  S(J’). 
The  software  calculates  the  ratios  Qi=S(J)/R(J), 
Q2=S(J’)/R(J’)  and  Q=Qi/Q2.  First,  the  rotational 
temperature  TR  is  inferred  from  the  following 
expression 
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Where  k  is  the  Boltzmann  constant,  AE  is  the 
energy  difference  between  the  rotational  levels  J 
and  J’,  Tref  is  the  temperature  in  the  reference  cell 
and  A  is  a  constant  deduced  from  an  experiment 
carried  out  in  a  gas  at  known  temperature.  In  the 
derivation  of  the  latter  expression,  it  is  assumes 
that  the  rotational  population  distribution  is 
Boltzmann-like  and  identical  for  the  vibrational 
states  coupled  by  the  Raman  transitions.  Then  once 
Tr  is  known,  the  density  is  deduced  from  Qi  or  Q2. 


d)  practical  applications 

While  CARS  has  been  primarily  used  in 
combustion  research,  work  at  lower  pressures  in 
plasmas,  gas  laser  media,  and  aerodynamic  flows 
has  been  performed.  To  our  knowledge,  the  only 
research  in  practical  hypersonic  wind  tunnels  have 
been  obtained,  including  frees  streams  and  shock 
layers. 


Figure  7  Typical  single-shot  multiplex  coherent 
anti-Stokes  Raman  scattering  (CARS)  spectrum  of 
the  plume  of  decomposition  products  of  a  lead 
azide  pellet  33  mm  above  the  pellet  and  9  ms  after 
ignition 

In  particular,  the  multiplex  CARS,  mainly  used  in 
combustion  media  [24,  25]  where  density  is 
relatively  high,  was  recently  used  in  the  expanding 
plume  of  the  decomposition  products  of  lead  azide, 
exposing  a  nonequilibrium  gas  and  demonstrating, 
a  priori,  the  feasibility  of  this  technique  for  short- 
duration  flows  at  static  pressures  a  few  10'3  normal 
[26].  Figure  7  show  a  typical  single-shot 
experimental  spectrum  of  N2  following  the 
detonation  of  lead  azide  and  its  best  fit.  The 
theoretical  spectrum  is  calculated  for  TR  =200  K 
for  all  the  vibrational  states.  The  vibrational 
temperature  of  V=0  to  4  is  Boltzmann-like  with  a 
vibrational  temperature  of  2000  K.  Time  sequential 


behavior  of  the  N2  product  obtained  from 
detonation  of  lead  azide  is  also  shown  in  Figure  8. 
Tv  decreases  while  TR  increases  as  the  CARS 
pulses  is  delayed.  The  cloud  velocity  is  estimated  to 
be  4000  m.s"\  The  behavior  of  N2  is  then 
characteristic  of  a  product  at  high  temperature  and 
at  high  density  formed  near  the  surface  of  the 
explosive  and  expanding  at  a  supersonic  velocity. 
As  a  result,  the  rotational  temperature  rapidly 
decreases.  The  vibrational  degree  of  freedom  of  N2, 
remains  poorly  coupled  to  translation  and  rotation 
with  a  higher  temperature  than  rotational 
temperature. 
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Figure  8  Rotational  (o)  and  vibrational  (•) 
temperatures  evolution  versus  time  obtained  from 
spectra  such  as  of  Figure  7. 

An  illustration  of  the  capability  of  the  scanning 
CARS  spectroscopy  on  nitrogen  can  be  shown  from 
the  experimental  study  conducted  in  the  arc  driven 
wind  tunnel  L2K  described  previously  [27].  The 
objective  of  this  study  was  to  investigate  the 
nonequilibrium  shock  layer  air  flow  induced  by  a 
two  dimensional  body  (disk  model).  Preliminary 
measurements  were  carried  out  at  a  position  of  555 
mm  downstream  the  nozzle  exit  and  on  the 
centerline  region  of  the  nozzle  flow  to  determine 
the  free  stream  conditions.  Figure  9  shows  a 
sample  nitrogen  CARS  spectrum  recorded  in  the 
free  stream  using  the  scanning  CARS  technique. 
The  spectral  bands  detected  are  identified  as  the  Q 
branches  of  the  vibrational  transitions  (0,1)  and 
(1,2).  For  each  transition,  clearly  resolved  are  the 
rotational  distributions  of  the  two  states  of  the 
molecule;  the  para-N2  and  the  ortho-N2 
corresponding  to  the  odd  values  of  J  and  the  even 
values  of  J  respectively.  The  rotational  distributions 
in  each  vibrational  transition  gives  a  rotational 
temperature  of  330  K  ±  6  K  and  334  K  ±  9  K  for 
the  (0,1)  and  (1,2)  transitions  respectively  and 
demonstrates  a  non-dependence  of  the  rotational 
distributions  versus  V.  The  vibrational 
temperature,  measured  from  the  ratio  between  V=1 
and  V=0  populations  is  2510  K  ±  130  K  where  the 
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accuracy  reflects  the  uncertainty  on  the  vibrational 
populations.  A  number  density  of  nitrogen  of  2.25 
1015  molecules.cm'3  is  found  from  the  intensity  of 
the  nitrogen  spectrum. 


Figure  9  Scanning  coherent  anti-Stokes 
scattering  (CARS)  spectrum  of  N2  in  the  free 
stream  at  the  LBK  wind  tunnel  facility. 

CARS  measurements  are  then  performed  between 
the  shock  layer  and  the  model.  For  instance,  Figure 
10  shows  a  typical  nitrogen  CARS  spectrum 
recorded  at  2  mm  from  the  model  where  rotational 
lines  up  to  J=50  are  detected  in  each  vibrational 
band.  As  previously,  rotational  and  vibrational 
temperatures  and  N2  number  density  have  been 
measured.  The  two  resulting  distributions  are  still 
found  in  equilibrium  and  the  rotational 
temperatures  associated  to  the  two  vibrational 
bands  are  equal  to  4200  K  ±  150  K.  The 
vibrational  temperature  is  found  less  than  the 
rotational  temperature  (=2800  K). 


Figure  10  Scanning  coherent  anti-Stokes 
scattering  (CARS)  spectrum  of  N2  behind  the 
shock  layer  induced  by  a  disk  model. 

Figure  1 1  shows  a  comparison  between  the 
experimental  and  theroretical  temperature 
distributions  on  the  symmetry  axis  in  the  shock 
layer.  The  experimental  results  brings  into 
evidence  the  important  increase  of  the  rotational 
temperature  through  the  shock  wave.  The 


rotational  temperature,  assumed  to  be  also  the 
translational  temperature  displays  then  a  flat 
profile  in  a  large  portion  of  the  shock  layer  before 
decreasing  strongly  close  to  the  wall.  On  the 
contrary,  the  vibrational  temperature  varies  slowly 
in  the  shock  layer.  Good  agreement  is  achieved 
between  these  profiles  and  theoretical  ones 
simulated  by  a  Navier-Stokes  solver,  demonstrating 
the  potential  of  this  technique. 


Figure  11  Comparison  between  the  axial 
temperature  distributions  recorded  by  CARS 
downstream  from  the  bow  shock  and  the  numerical 
predictions. 

At  last,  dual-line  CARS  is  shown  to  be  well 
adapted  to  study  media  having  low  density  and 
short  run  time.  This  is  demonstrated  by  the 
spatially  resolved  and  time-resolved  rotational 
temperature  and  N2  number  density  measurements 
which  have  been  recorded  in  several 
configurations.  In  particular,  the  case  of  the 
interaction  between  the  boundary  layer  and  the 
shock  wave  in  the  vicinity  of  a  two-dimensional 
compression  corner  has  been  studied  [28].  The 
experiment  was  performed  in  the  R5Ch  low 
enthalpy  blow  down  wind  tunnel.  This  facility 
produces  a  Mach  10  flow  for  a  stagnation  pressure 
of  2.5  105  Pa.  Under  these  conditions,  the  ffee- 
stream  pressure,  static  temperature  and  total 
density  are  5.9  Pa,  52.5  K  and  3.9  1(T4  Kg.m  3 
respectively.  Figure  12  presents  the  rotational 
temperature  and  density  profiles  measured  using 
the  dual-line  CARS  at  five  sections  located 
between  X/L=0.4  and  X/L=1.2.  The  first  two 
positions  are  located  upstream  of  the  separation 
line.  At  X/L=0.4,  the  temperature  and  the  density 
are  those  of  the  free  stream  for  Y=0.017  m.  The 
temperature  and  the  density  found  at  Y=0.017  m 
are  due  to  the  shock-wave  created  by  the  leading 
edge  interaction.  For  Y=0.017  m,  the  temperature 
increases  through  the  boundary  layer  due  to  the 
viscous  effects  which  decelerate  the  flow,  and  then 
decreases  to  reach  the  wall.  Meanwhile,  the 
density  decreases  and  then  is  nearly  constant  in  the 
part  of  the  boundary  layer  close  to  the  wall.  At 
X/L=0.6,  the  same  behavior  is  observed.  At  the 
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other  positions,  the  profiles  present  the  same 
features  and  reflect  the  evolution  of  the  boundary 
layer  along  the  model.  The  density  profiles  show 
clearly  the  effect  of  the  shock  induced  by  the  ramp. 
For  instance,  the  density  jump  observed  at  X/L=1.0 
and  located  above  Y=0.035  m  is  mainly  due  to  the 
leading-edge  shock  and  the  density  jump  located  at 
Y=0.026  m  is  due  to  the  separation  shock.  As 
illustrated  on  the  fig.  12,  these  experimental  results 
can  be  used  as  a  data  bank  to  validate  calculations 
performed  using  a  Navier-Stokes  solver. 


Figure  12  Rotational  temperature  (left)  and  total 
density  (right)  distributions  normalized  by  the  free 
stream  conditions  (-)Homard2  code;(+) 
experiment. 

Line-of-Sight  techniques 

Line  of  sight  methods  essentially  rest  on  emission 
and  absorption  spectroscopy. 

Emission 

In  emission,  one  collects  the  light  coming  from  the 
flow  or  from  some  boundary  layer.  This  light  is 
passed  and  dispersed  through  a  spectrograph  for 
analysis.  Spectral  lines  are  generally  detected  that 
reveal  the  presence  of  chemicals  like  metal  vapors 
(in  the  visible  or  ultraviolet)  or  of  vibrationally 
excited  molecules.  Presence  of  these  lines  indicates 
presence  of  the  compound.  The  method  suffers 
from  major  drawbacks,  such  as  the  impossibility  of 
determining  the  position  of  the  radiating  species 
along  the  line  of  sight  of  the  collection  optics;  this 
is  fatal  if  zones  of  different  temperature  and 


concentration  is  contributing.  In  addition,  it  is  also 
impossible  to  determine  temperature 
concentrations  in  a  quantitative  manner,  even  if 
only  a  homogeneous  zone  contributes.  The  latter 
difficulty  stems  from  the  fact  that  the  radiating 
quantum  states  are  populated  via  complex 
collisional  mechanisms  with  electrons  or  hot 
species  in  the  nonequilibrium  flow  and  are 
depopulated  by  both  radiative  and  collisional 
(quenching)  processes  with  other  species.  Emission 
is  this  primarily  for  establishing  the  presence  of 
trace  species  or  contaminants. 

Absorption 

Absorption  techniques  are  capable  of  measuring 
populations  of  the  ground  rovibrational  states,  which 
are  the  most  populated.  Therefore,  concentrations  can 
be  measured  (at  least  if  the  absorbing  medium  is 
homogenous  or  presents  some  spatial  symmetry). 
Technically,  the  best  measurements  are  performed 
with  laser  tunable  sources  having  a  spectral  resolution 
capable  of  resolving  the  molecular  or  atomic  lines. 
Currently,  the  diode  laser  absorption  spectroscopy 
(DLAS)  technique  in  the  infrared  is  attractive  to 
pa-form  measurements  in  a  wide  variety  of 
aaoxlynamic  flows  [29,  30,  31].  Measurements  in 
hypersonic  flows  are  usually  performed  on 
heteronuclear  molecules  like  CO,  NO  and  H20  which 
have  strong  absorption  line  strengths  due  to  their  high 
dipole  moments.  The  fundamental  level  absorption 
lines  for  these  molecules  are  usually  in  the  mid 
infrared  region  (wavelength  >  4  pm). 

a)  Principle 

The  technique  is  based  on  semiconductor  diode  lasers 
which  are  well  adapted  to  absorption  spectroscopy. 
These  lasers  have  very  narrow  line  width  emissions  (a 
few  tens  of  MHz)  which  can  be  tuned  precisely  (with  a 
resolution  close  to  10  “4  cm'1 )  around  absorption  lines, 
allowing  one  to  visualize  the  temperature  and  pressure 
broadening  without  any  disturbance  broadening  from 
the  laser  linewidth  itself.  Therefore,  this  high  spectral 
resolution  feature  allows  linewidth  measurements  of 
temperature  and  concentrations  of  trace  molecules  in 
low  pressure  (less  than  1000  Pa)  chemically  reacting 
media  such  as  in  hypersonic  flows  where  the  lines  are 
mainly  broadened  by  temperature  effects  with  typical 
Doppler  line  widths  of  10'2  cm1.  The  gas  velocity  can 
also  be  determined  from  the  Doppler  shift  induced  in 
the  line  positions  of  the  absorbing  species  when  the 
beam  is  not  perpendicular  to  the  flow  axis.  The 
Doppler  shift  is  on  the  order  of  10'2  cm'1  at  5  pm  for 
bulk  velocities  above  1000  m/s.  The  allowed 
measurements  are  illustrated  in  Figure  13  from  a 
spectrum  presenting  an  NO  absorption  line  with  its 
Doppla-shifted  component.  The  unshifted  line  results 
from  absorption  of  molecules  at  low  velocities  which 
are  in  the  bounolary  layer  of  the  flow  or  ontside  the 
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flow.  For  H20,  there  is  also  a  contribution  from  the 
ambient  humidity  of  air  outside  the  test  section. 


Figure  13  Usual  parameters  which  can  be  deduced 
from  pressure-free  absorption  lines 

A  major  disadvantage  of  this  technique  is  its  line-of- 
sight  nature  which  gives  integrated  or  averaged  data 
over  the  absorption  path  through  the  medium  crossed. 
The  Doppler  shifting  helps  to  discern  the  flow  core 
properties  from  other  zones  with  molecules  absorbing 
at  lower  velocities.  Another  drawback  of  the 
technique,  carried  out  in  the  mid  infrared  (>2.5  pm), 
is  the  requirement  to  use  cryogenic  technology:  liquid 
nitrogen  cooling  for  both  the  diode  laser  (working 
around  100  K)  and  HgCdTe  detectors.  The  main 
advantages  are  its  sensitivity  and  its  capability  to 
perform  measurements  at  relatively  high  frequency. 
Spectra  recording  can  be  repeated  up  to  several  tens  of 
kHz,  which  is  a  very  attractive  feature  for  high 
enthalpy  blow-down  facilities  where  the  flow  runs  for 
short  periods  (about  200  ms  for  arc-driven  facilities 
like  F4),  and  where  the  thermodynamic  parameters 
change  over  characteristic  times  of  about  10  ps  to  1 
ms. 

b)  Experimental  setup 

The  laser  emission  bench  and  detection  setup  has 
been  described  in  detail  elsewhere  [32],  It  can  be 
equipped  with  two  diodes  working  at  temperatures 
around  100  K.  Usually,  these  diodes  emit  only  over 
allowed  modes  covering  spectral  windows  about  1 
cm"1  wide.  With  proper  tuning  of  the  temperature 
and  current  of  the  diode,  some  of  the  spectral 
windows  can  be  made  to  come  into  coincidence 
with  absorption  lines  of  the  molecules  to  be  probed. 
Out  of  these,  only  a  few  lines  showing  absorption 
above  the  detection  limit  and  below  saturation  can 
be  used,  after  proper  evaluation  from  the  expected 
densities  and  temperature  of  the  flow  to  be  probed. 
A  typical  emission  mode  covering  some  NO 
absorption  lines  is  presented  in  Figure  14.  This 
“1864  cm"1”  mode  is  the  most  widely  used  to  probe 
NO  or  H20  in  F4  because  of  the  absorption  lines 
contained  in  it  allowing  a  probe  of  nearly  all  the 


flow  conditions.  A  few  hundred  sets  of  flow 
absorption  spectra  are  acquired  together  with  their 
corresponding  calibration  spectra,  during  each  run. 
Each  spectrum  is  sampled  with  1000  spectral  points 
spaced  at  less  than  10"3  cm"1,  so  that  a  pressure-free 
FWHM  line  profile,  which  is  typically  10"2  cm"1  wide, 
is  described  by  about  20  spectral  points.  After 
wavelength  and  intensity  calibration  with  the  help  of 
the  calibration  channels,  the  useful  segment  of  each 
corrected  spectrum  is  matched  to  simulated  spectra 
through  an  iterative  non-linear  least-squares  fitting 
procedure  [32]  to  retrieve  the  velocity,  the  kinetic 
temperature,  and  the  concentrations  of  the  absorbing 
species. 


Figure  14  Typical  flow  absorption  spectrum 
together  with  associated  calibration  spectra 

A  simple  two-layer  model  is  assumed  for  the  flow  to 
perform  the  data  reduction  [32],  One  layer 
corresponds  to  the  core  flow  with  a  constant  free 
stream  velocity  v  and  is  usually  called  the  Doppler 
layer.  The  other  layer  (called  external  or  ‘rest  position’ 
layer)  includes  all  the  gases  outside  the  flow  core  with 
no  bulk  velocity  that  contribute  to  rest-position  lines  in 
the  absorption  spectrum.  This  model  has  been  justified 
experimentally  by  the  use  of  pipes  to  protect 
absorption  of  the  laser  beam  through  the  boundary 
layer  (see  sections  3  and  4  below) :  the  comparison  of 
the  absorption  with  and  without  pipes  show  that 
molecules  with  intermediary  velocities  in  the 
boundary  layer  contribute  very  little  to  the  absorption 
spectra.  Thus,  the  Doppler  shifted  and  the  unshifted 
line  corresponds  to  only  two  zones :  respectively,  the 
flow  core  at  high  velocity  and  the  region  outside  the 
flow  at  thermal  velocity. 

c)  practical  applications 

We  present  here  some  applications  in  the  F4  wind 
tunnel  generating  high  enthalpy  flows  where 
molecules  like  CO,  NO,  H20  are  naturally  present  as  a 
result  of  real  gas  effects  or  trace  pollution  species. 
Measurements  on  H20  in  a  low  enthalpy  hypersonic 
wind  tunnel  (S4MA)  is  also  presented  to  illustrate  the 
wide  range  of  application  of  this  technique.  Figure  1 


5-15 


summarizes  the  principal  reservoir  characteristics  and 
the  flow  duration  times  of  the  wind  tunnels  probed. 
The  F4  arc-driven,  hot-shot,  high  enthalpy  facility  was 
built  to  simulate  part  of  the  re-entry  trajectory  of  space 
vehicles  in  the  upper  atmosphere.  It  has  been 
extensively  described  elsewhere  [33, 34], 

The  S4MA  facility  is  a  cold  blow-down  hypersonic 
wind  tunnel  operating  at  Mach  numbers  of  6.4,  10 
or  12  [35].  For  reentry  studies,  it  is  a  common  use 
to  obtain  reference  points  where  there  are  no  real 
gas  effects.  In  order  to  avoid  liquefaction,  the 
stagnation  conditions  (up  to  15  MPa  for  pressure 
and  up  to  1800K  for  temperature)  are  obtained  by 
passing  compressed  air  in  an  accumulation  heater 
containing  11  tons  of  alumina  pebbles  heated  by 
propane  combustion  before  a  run.  The  run  can  last 
up  to  100  s,  but  usually  the  first  10  to  25  s  are  used 
to  stabilize  all  flow  parameters  at  the  expected 
values.  This  stabilization  time  is  suspected  to  be 
due  to  air  liquefaction  and  water  vapor 
condensation  at  the  beginning  of  the  run. 

•  F4  experiments 

The  laser  beam  from  the  emission  bench  enters  the 
vacuum  chamber  through  CaF2  windows  and  crosses 
the  flow  at  the  smallest  possible  angle  to  the  flow  axis 
(around  63°,  given  the  distance  between  nozzle  and 
diffuser  )  so  as  to  induce  the  largest  Doppler  shift  for 
velocity  measurements.  The  portion  of  the  flow  which 
is  probed  is  roughly  a  cylindrical  volume  of  about  670 
mm  in  diameter  (nozzle  n°  2  exit  diameter  with  a  400 
mm  diameter  flow  core)  over  a  path  length  of  about 
400  mm. 

The  laser  beam  was  guided  through  profiled  sealed 
pipes  to  avoid  the  absorption  contribution  from  lower 
velocity  and  higher  temperature  molecules  in  the  flow 
boundary  layer  which  can  disturb  the  absorption  line 
shapes  in  the  flow  core.  The  tube  ends  generate  a 
boundary  layer  of  their  own,  but  its  contribution  to  the 
absorption  lines  was  assumed  to  be  negligible  as  it 
does  not  exceed  a  thickness  of  a  few  millimeters.  It 
was  too  difficult  to  have  such  sealed  pipes  on  the 
whole  path  of  the  laser  beam  inside  the  test  section 
because  of  the  mirrors  used  to  obtain  the  necessary 
angle  of  the  beam  with  respect  to  flow  axis  for  the 
Dopplcr-shift  velocity  measurements.  Nevertheless, 
this  configuration  reduced  the  absorbing  molecules  to 
only  two  groups :  molecules  of  the  flow  core  at  bulk 
velocity  of  the  flow  giving  the  Doppler  shifted  lines 
and  molecules  only  at  thermal  velocities  giving  the 
unshifted  absorption  lines.  The  data  reduction  is 
therefore  easier  and  justifies  completely  the  two  layer 
model  mentioned  in  section  2  above.  In  feet, 
comparisons  of  results  for  similar  runs  with  and 
without  protection  pipes  shows  that  the  protection 
pipes  only  bring  a  decrease  in  the  intensity  of  the  non- 


shifted  absorption  lines,  but  little  or  no  difference  for 
velocity  and  temperature  measurements,  confirming 
that  boundary  layers  have  indeed  little  impact  on  the 
measurements  [36]. 

The  flow  can  last  up  to  400  ms,  with  its 
thermodynamic  parameters  rapidly  changing  as  the 
gas  is  expelled  out  of  the  arc  chamber  (about  1%/ms 
decrease  of  total  pressure  and  enthalpy).  The  spectra 
acquisition  is  therefore  set  in  this  facility  to  1  kHz  for 
a  total  measurement  time  of  1  second.  Usually,  the 
data  reduction  on  the  absorption  spectra  is  performed 
for  the  first  120  ms  of  the  run,  because  the  Doppler 
shifted  absorption  line  in  the  flow  becomes  too  small 
or  the  results  to  be  reliable  after  this  period. 

The  typical  values  of  free  stream  velocity,  temperature 
and  NO  density  versus  time  for  a  type  HI  flow  using 
nozzle  n°2  are  shown  in  Figure  15.  These  values  are 
also  compared  to  results  obtained  from  several 
numerical  flow  models  [37].  The  velocities  inferred 
from  the  spectra  are  lower  than  the  values  calculated 
from  heat  flux  measurements  using  frozen  and 
equilibrium  flow  assumptions  in  the  first  40  ms  but 
the  theoretical/experimental  agreement  is  good  after 
40  ms.  Note  that  the  first  30-40  ms  of  F4  runs  are 
considered  as  a  flow  establishment  period  due  to  the 
nozzle  plug  and  wires  expelling  phase.  The  other  gas 
parameters  do  not  compare  well:  the  DLAS 
temperature  is  higher  even  than  the  equilibrium  one, 
whereas  the  NO  density  is  lower  than  the  frozen  one. 
Some  attempts  to  explain  these  discrepancies  are 
described  in  ref.  37. 

Experiments  are  carried  out  with  a  diode  laser  tuned 
on  a  CO  absorption  line  (the  R8  line  at  2176.2835 
cm'1).  Figure  16  shows  the  corresponding  results  of 
free  stream  velocity,  temperature  and  CO  density  for  a 
run  having  a  Iowa  enthalpy  condition  than  fa  a  type 
III  condition.  These  results  are  still  being  analyzed 
and  will  be  published  shortly.  The  CO  is  presently 
believed  to  result,  first,  from  organic  material  (seals, 
silicon  paste...)  ablation  with  pure  nitrogen  runs, 
second,  from  combustion  processes  taking  place  in  the 
arc  chamber  whae  the  temperature  is  very  high  (up  to 
8000  K)  and  whae  the  thermal  protection  elements 
are  mostly  in  carbon  materials.  Furtha  tests  with 
nitrogen  will  allow  to  quantify  these  two  contributions. 

The  least-squares  fit,  using  the  two-laya  model,  gives 
uncertainties  of  about  1%  fa  velocity  and  10%  fa 
both  temperature  and  density.  We  must  add  to  this, 
uncertainties  from  spectrum  calibration  and  setup 
configuration  (fa  example  the  angle  of  the  lasa  beam 
to  the  flow  axis  is  known  with  oily  1  degree  accuracy 
resulting  in  an  uncertainty  of  4%  cm  velocity).  The 
ovaall  uncertainties  are  then  estimated,  fa  both 
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probed  molecules,  to  be  less  than  10%  for  velocity  and 
30%  for  both  temperature  and  density. 


Figure  15  Velocity,  translational  temperature  and 
NO  density  from  DLAS  in  F4  air  run. 


•  S4MA  experiments 

The  aim  of  the  diode  laser  measurements  was  to 
measure  the  water  vapor  in  the  flow  so  as  to  see  the 
impact  of  its  concentration  on  the  stagnation 
conditions  stabilization  time  encountered  in  this 
wind  tunnel. 

The  laser  diode  used  here  has  been  specifically 
chosen  to  emit  in  a  spectral  window  covering  two 
of  the  most  intense  absorption  lines  of  H20 
(1616,1135  cm1  and  1653.2671  cm'1  ).  This  was 
required  to  measure  the  quite  low  water  vapor 
density  expected  in  the  free  stream :  about  1012 
molecules/cm3,  which  makes  about  13  ppm  in  the 
free  stream  of  total  mass  density  of  0.01  kg/m3  and 
at  the  temperature  of  50K.  One  of  the  main 
problems  in  the  experimental  setup  is  to  avoid 
saturation  of  the  absorption  line  from  ambient 
water  vapor  and  from  the  low  pressure  contribution 
in  the  test  section  outside  the  flow. 

These  feasibility  experiments  were  done  with  the 
laser  beam  crossing  perpendicularly  to  the  flow  in 
order  to  check  if  the  signal-to-noise  ratio  is 
sufficient  to  obtain  measurements.  This  of  course 
denies  the  possibility  of  velocity  measurements  as 
there  is  no  Doppler  shift  in  the  absorption  lines. 

The  probed  zone  was  a  cylinder  of  diameter  8  mm 
and  of  length  ranging  from  0,6  meter  (flow  core 
only)  to  1  meter  (flow  core  and  boundary  layer). 
The  rest  of  the  laser  path  is  protected  in  tubes  (of 
variable  length)  flushed  with  dry  nitrogen  in  order 
to  avoid  absorption  by  low  pressure  water  vapor 
absorption  outside  the  flow  or  in  the  boundary 
layer.  The  emission  and  detection  benches  are  also 
flushed  with  dry  nitrogen  to  avoid  absorption  from 
atmospheric  water  vapor  outside  the  test  section. 
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Figure  16  Velocity,  translational  temperature  and  Figure  17  Typical  flow  absorption  spectrum 

CO  density  from  DLAS  in  F4  air  run.  recorded  together  with  associated  calibration 

spectra 
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The  unwanted  absorption  from  outside  the  test 
section  was  the  most  difficult  to  eliminate  :  the  N2 
flushing  only  reduced  this  saturated  absorption  to 
an  80-90%  absorption.  Fortunately,  this  was 
enough  to  allow  us  to  see  the  small  absorption  (a 
few  %)  of  the  water  vapor  in  the  flow.  The  width 
of  this  absorption  line  is  narrower  (because  of  the 
low  pressure  and  low  temperature)  than  the 
atmospheric  H20  line.  The  absorption  spectrum  in 
Figure  17  illustrates  this  difference  in  the  line 
widths.  As  the  atmospheric  H20  absorption  line 
can  be  considered  to  be  constant  during  the  flow 
time  of  100  seconds,  it  was  also  considered  as  a 
mere  emission  envelope  during  the  data  reduction. 

Spectra  were  acquired  every  0.1  seconds  for  a  total 
time  of  100  seconds  which  was  more  than  enough 
to  cover  the  total  flow  time  set  to  about  60  seconds 
for  these  experiments.  After  calibration  and 
inversion,  the  time  evolution  of  water  vapor  density 
in  the  flow  can  be  traced  as  illustrated  in  Figure  18 
where  three  runs  at  three  different  reservoir 
temperatures  (nominal  values  of  980,  1030  and 
1120  K  for  runs  R3063,  R3064  and  R3065 
respectively)  are  compared.  These  density  curves 
are  also  compared  to  the  Mach  number  and 
temperature  temporal  evolution  of  the  flows 
considered.  It  was  not  possible  to  measure  the 
water  vapor  density  for  very  low  temperatures  as 
the  absorption  line  was  below  the  detection  limit  of 
our  instrument.  The  curves  in  Figure  18  show  that 
there  is  a  threshold  temperature  (~46K)  above 
which  the  absorption  line  could  be  detected. 

These  results  show  that  the  water  vapor  content  in 
the  free  stream  is  very  low  as  expected.  Its  density 
increases  with  flow  time  and  has  the  same 
temporal  trend  as  for  Mach  number  or  temperature. 
A  possible  explanation  is  that  at  the  beginning  of 
the  run,  the  water  is  not  only  in  vapor  form,  but 
also  in  liquid  and  solid  form;  after  the  first  seconds 
of  the  run,  as  the  temperature  increases,  the 
increase  of  water  vapor  content  can  indicate  a 
decrease  of  the  water  vapor  condensation,  and 
appears  to  be  a  positive  sign  for  good  flow 
parameters.  Also,  there  can  be  other  reasons  for 
the  stagnation  conditions  stabilization  time,  like  air 
liquefaction,  or  dust  due  to  ablation  of  the  heating 
pebbles  coming  mostly  at  the  beginning  of  the 
flow.  Other  types  of  experiments  are  now  being 
planned  to  measure  water  in  form  of  solid  or  liquid 
as  well  as  to  measure  dust  particles  which  can 
enhance  air  liquefaction  at  the  beginning  of  the 
blow  down. 


Figure  18  Time  evolution  of  the  temperature, 
water  vapor  density  and  Mach  number  during  three 
runs  at  S4MA. 

Conclusion 

With  the  new  laser  sources  now  available,  there  are 
numerous  approaches  to  acquisition  of  the  flow 
parameters  for  probing  hypersonic  flows  in  ground 
testing  facilities. 

In  high-enthalpy  facilities,  diode  laser  absorption 
spectroscopy  is  well  suited  for  free  stream 
measurement  of  velocity,  static  temperature  and 
trace  species  concentration  measurements. 
However,  it  requires  the  flow  to  be  quite 
homogeneous.  CARS  is  a  good  tool  for  point 
measurement  of  rotational  and  vibrational 
temperatures  and  of  number  density.  Electron 
beam  fluorescence  and  Laser  Induced  fluorescence 
can  be  employed  for  qualitative  imaging  and 
visualization.  Visualization  of  shocks  and  in 
particular  the  convection  of  a  plasma  column  can 
be  used  to  measured  the  velocity  profiles. 

In  low-enthalpy  flows,  the  same  methods  can  be 
also  employed.  However,  if  density  is  higher. 
Diode  laser  absorption  will  lose  ground  in  the 
velocity  measurements  and  seeding  with  NO  or 
other  species  may  become  necessary.  EBF  will  also 
lose  all  of  its  applications,  while  the  optical 
techniques  like  Rayleigh  and  Raman  scattering  will 
become  applicable. 
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Abstract 

The  von  Karman  Institute  (VKI)  recently  completed 
the  commissioning  of  a  new  inductively-coupled  plasma 
wind  tunnel  ("Plasmatron")  devoted  to  the  simulation  of 
thermal  re-entry  conditions  as  applicable  to  TPS  materials 
used  on  real  flight  trajectories.  In  the  context  of  the 
commissioning,  two  main  intrusive  measurement 
techniques,  the  Pitot  tube  and  the  calorimetric  heat  flux 
probe,  were  developed  and  extensively  used  to  record  the 
performance  in  order  to  compare  them  with  the 
specifications.  During  the  commissioning  phase,  other 
techniques  were  being  developed  in  another  VKI  facility, 
the  Minitorch,  a  small  inductively-coupled  plasma  torch 
used  as  the  instrumental  test  bench  for  the  Plasmatron. 
This  paper  presents  the  Plasmatron  facility  to  the  reader, 
then  describes  in  detail  the  probes  that  were  used,  the  test 
methodology  that  was  followed,  and  the  results  that  were 
obtained  during  the  commissioning  phase.  The  technique 
of  laser  Doppler  velocimetry  (LDV),  which  is  currently 
developed  in  the  Minitorch  and  envisaged  as  one  of  the 
standard  Plasmatron  techniques  in  the  near  future,  is  also 
described  in  detail. 


1.  The  Plasmatron  facility 

1.1  Inductively-coupled  plasma  heaters 

The  concept  behind  plasma  generation  by  induction 
is  sketched  on  figure  1.  A  coil  surrounds  a  quartz  tube  in 
which  cold  gas  is  injected.  This  coil  is  connected  to  a 
high-frequency  generator  and  is  traversed  by  high-voltage, 
high-frequency  current  (a  few  thousand  volts  with 
frequencies  from  400  kHz  to  several  MHz). 

Due  to  these  conditions,  induced  electric  and  magnetic 
fields  exist  inside  the  quartz  tube,  with  induction  lines 
parallel  to  the  axis,  as  in  a  classical  solenoid.  The  periodic 
time  variation  of  the  induction  creates  circular,  oscillating 
electric  fields  in  planes  perpendicular  to  the  tube  axis. 
These  fields  can  move  the  free  electrons  existing  in  the 
gas,  creating  current  loops  {eddy  currents)  heating  the  gas 
by  Joule  effect.  Once  the  gas  heats  up,  it  dissociates  and 


ionises  into  a  plasma.  Conceptually,  the  torch  is  actually 
a  transformer  (as  illustrated  on  figure  2),  with  the  coil  as 
primary  winding  and  the  induced  current  loops  in  the 
gas  as  secondary  windings. 


Figure  1.  Concept  of  the  inductively-coupled  plasma  torch 


The  first  free  electrons  can  be  obtained  by 
introducing  an  electrode  into  the  plasma  torch  or, 
preferably,  by  reducing  the  pressure  under  0.1  mbar  and 
applying  voltage  on  the  coil.  Electric  field  gradients 
appearing  in  the  vicinity  of  the  coil  (between  turns)  are 
strong  enough  to  cause  a  local  ionisation  of  the  gas  in 
the  tube.  Once  the  first  free  electrons  have  appeared,  the 
whole  gas  is  rapidly  heated  by  Joule  effect.  Argon  is 
used  in  order  to  facilitate  the  initial  electric  discharge 
because  of  the  longer  lifetime  of  the  free  electrons  at 
low  pressure  compared  to  the  air  plasma  case.  By  these 
means  plasma  can  be  generated  from  low  to 
atmospheric  pressures  with  temperatures  of  the  order  of 
6000  K  to  12000  K.  The  operation  of  such  ICP  devices 
can  be  maintained  as  long  as  desired,  provided  that 
electricity,  gas  supply  and  adequate  cooling  are  not 
interrupted. 


1.2  Motivation  and  requirements 

The  Plasmatron  project  was  originally  devised 
towards  the  end  of  1992  as  part  of  the  European  Hermes 
reusable  space  vehicle  programme,  and  later  became 
part  of  the  MSTP  (Manned  Space  Transportation 
Programme)  research  program  of  the  European  Space 
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Agency.  Indeed,  future  European  space  missions  have 
brought  the  need  of  specific  tools  for  the  development  and 
testing  of  new  thermal  protection  systems  within  Europe. 
As  presented  above,  no  ICP  facility  of  high  power  was 
available  in  Europe  to  satisfy  those  needs.  This  fact  led, 
towards  the  end  of  1994,  to  the  financing  by  ESA  and  the 
Belgian  Federal  Office  for  Scientific,  Technical  and 
Cultural  Affairs  (OSTC)  of  the  design,  fabrication  and 
assembly  of  a  1.2  MW  Plasmatron  at  the  VKI.  This 
facility  is,  at  the  present  time,  the  most  powerful  of  its 
kind  in  the  world.  It  was  inaugurated  on  December  8, 
1997  by  Belgian  Minister  Yvan  Ylieff  and  by  the  ESA 
Director  of  Manned  Space  Flight  and  Microgravity,  Jorg 
Feustel-Buechl. 


Primary:  HF-current  through  coil 


quartz  tube 


Secondary:  current  loops  in  plasma 

Figure  2.  The  inductively-coupled  plasma  torch  seen  as  a 
transformer 


The  specifications  for  the  facility  are  matched  to  the 
flight  envelope  of  the  Hermes  vehicle  (although  the 
project  was  abandoned,  it  is  a  good  representative  of  a 
typical  lifting  re-entry).  They  are  given  in  terms  of 
stagnation  point  heat  flux  and  stagnation  pressure,  as 
shown  on  figure  3.  It  must  be  noted  that  the  heat  flux  rates 
have  to  be  reached  on  a  catalytic  cold  wall  in  order  to 
avoid  uncertainties  due  to  catalytic  effects.  This  operating 
envelope  has  been  achieved  during  the  commissioning 
phase  of  the  facility,  as  will  be  presented  later. 


Figure  3.  ESA  specifications  diagram  for  the  VKI 
Plasmatron 


1.3  The  Plasmatron  facility 

1.3.1  The  ICP  torch 


The  ICP  torch  designed  for  the  Plasmatron  facility 
is  of  the  latest  double  flux  cold  crucible  technology.  Its 
principle  is  illustrated  on  figure  4.  Compared  to  the 
basic  design  (figure  1),  the  torch  features  an  additional 
quartz  tube,  located  inside  the  outer  tube,  which  serves 
to  divide  the  gas  between  central  and  peripheral 
injections.  The  purpose  is  explained  below. 


exterior 
quartz  tube 


interior  '  1 1 

quartz  tube  cooling 


water 


Figure  4.  Concept  of  the  double  flux,  cold  crucible,  ICP  torch 


It  is  understandable  from  the  basic  principle  of  an 
ICP  torch  that  the  plasma  ball  remains  in  the  centre  of 
the  tube,  confined  by  electromagnetic  forces.  However, 
in  some  conditions,  the  ball  could  expand  and  touch  the 
wall,  melting  the  quartz  tube.  To  prevent  this,  a  thin 
layer  of  cold  air  flows  along  the  inner  side  in  the 
discharge  region.  This  peripheral  gas  flux  shields  the 
tube  wall  and  feeds  the  plasma  ball.  The  inner  tube  is 
used  to  bring  the  flow  close  to  the  discharge.  It  is  thus 
also  close  to  the  plasma  ball  and  may  sometimes  be  in 
direct  contact.  The  central  gas  flux  is  used  to  push  the 
plasma  ball  away  from  the  inner  tube  [1].  The  fine 
tuning  of  these  two  injections  is  essential  to  obtain  a 
stable  plasma  with  relatively  high-power. 
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Inside  the  torch  is  inserted  a  cold  cage  made  of 
water-cooled  copper  segments,  which  serves  as  an 
additional  protection  for  the  quartz  tube.  One  might  think 
that  the  copper  cage  could  be  a  source  of  flow  pollution. 
However,  the  presence  of  metallic  parts  is  a  necessary  but 
not  a  sufficient  condition  for  erosion.  Since  the  copper 
cage  is  water-cooled  to  a  wall  temperature  less  than  the 
boiling  point  of  water,  there  simply  cannot  be  a  direct 
contact  between  the  copper  and  the  hot  plasma  (otherwise 
the  copper  cage  would  overheat,  melt  and  be  destroyed, 
preventing  continuous  operation). 

Figure  5  shows  a  picture  of  the  ICP  torch  in 
operation,  with  the  plasma  glow  showing  through  the 
segments  of  the  copper  cage.  This  segmentation  is 
necessary  to  avoid  screening  of  the  high-frequency  electric 
field  by  Faraday  cage  effect.  The  single-turn  inductor 
(made  of  seven  parallel  rings)  with  internal  water  cooling 
can  clearly  be  seen  on  the  photograph.  The  tubes  on  the 
left  provide  gas  supply,  those  on  the  right  are  used  to 
inject  cooling  water  into  the  cold  cage  and  other  parts  of 
the  metallic  casing  enclosing  the  ICP  torch. 


Figure  5.  The  Plasmatron  ICP  torch  in  operation 


1.3.2  The  facility 

The  complete  Plasmatron  facility  schematic  [2]  is 
sketched  in  figure  6.  It  is  equipped  with  two  interc¬ 
hangeable  ICP  torches,  one  of  80  mm  diameter  for  the  test 
of  small  samples  and  one  of  160  mm  diameter  suited  to 
samples  as  well  as  to  full  TPS  tiles.  Each  torch  is  mounted 
inside  a  support  casing,  which  is  fixed  on  a  side  of  the  test 
chamber,  a  2.5  m  long,  1.4  m  diameter  vessel  (figure  7) 
equipped  with  multiple  portholes  and  windows  to  allow 
maximal  flexibility  and  unrestrained  optical  access  for 
plasma  diagnostic  techniques. 

Inside  the  test  chamber,  the  samples  and  probes  are 
supposed  to  be  mounted  on  a  three-axis  fast-injection  and 
support  system.  However,  this  subsystem  is  not  yet 
operational  at  the  present  time.  Instead,  probes  can  be 
mounted  on  a  traversing  mechanism  fixed  on  a  porthole. 
Up  to  now,  low  speed  plasma  jets  have  been  generated 


(figure  8  shows  an  air  plasma  jet  from  the  80  mm 
diameter  torch).  Accelerated  subsonic  flows  and  super¬ 
sonic  flows  will  be  obtained  in  the  near  future  by 
insertion  of  nozzles  at  the  outlet  of  the  torch. 


stack 


Figure  7.  The  Plasmatron  viewed  from  the  left 


Figure  8.  Air  plasma  jet  from  the  80  mm  torch 


The  jet  of  plasma  is  collected  at  the  outlet  of  the 
test  chamber  and  cooled  in  the  heat  exchanger  to  a 
temperature  of  50  °C  to  protect  the  vacuum  plant  from 
overheating  damage.  Figure  9  shows  the  heat  exchanger 
vessel,  which  is  as  big  as  the  test  section.  Inside  are  two 
modules,  each  with  its  own  cooling  line.  The  front 


. .V . : . . . 
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module  has  two  rows  of  28  tubes  and  faces  the  maximal 
heat  load  from  the  jet.  The  back  module  has  16  rows  of  28 
tubes,  with  the  last  14  rows  made  of  flattened  tubes  in 
order  to  reduce  the  pressure  loss.  The  vacuum  plant 
consists  of  three  volumetric  vacuum  pumps  which  allow 
operating  pressures  between  1  hPa  and  atmospheric 
pressure  with  a  maximum  flow  rate  of  3000  m3/h.  A  Roots 
pump  can  be  inserted  in  the  circuit  to  bring  the  pressure 
down  to  4  Pa  without  any  volume  flow  penalty.  Exhaust 
gases  are  vented  to  the  atmosphere  through  a  stack. 


Figure  9.  The  Plasmatron  viewed  from  the  right 


Figure  10.  The  Plasmatron  viewed  from  the  control  cabin 


The  Plasmatron  is  equipped  with  a  1.2  MW, 
400  kHz,  high-frequency  generator  of  the  new  solid-state 
technology,  using  thyristors  and  MOS  inverters  instead  of 
vacuum  tubes.  A  closed  circuit  cooling  system  using  de¬ 
ionised  water  protects  all  facility  parts  from  melting  due  to 
the  plasma  heat,  which  is  evacuated  through  three  dry  air 
coolers  located  on  the  roof.  The  total  water  flow  rate  is 
about  2088  1/min.  Figure  7  shows  the  individual  cooling 
lines  and  the  collection  manifold.  The  working  pressure  of 
this  cooling  system  is  3  bar,  but  specific  cooling  lines 
(inductor,  copper  cage  and  test  probes)  are  fed  at  a  10  bar 
pressure  to  compensate  for  the  very  small  size  of  internal 
cooling  passages  encountered  within  the  subsystems.  Test 
gases  can  be  injected  from  carboys  in  order  to  duplicate 
the  required  chemical  composition.  A  separate  carboy 
provides  argon  for  ignition  purposes.  For  air  plasma,  the 
facility  is  connected  to  the  VKI  compressed  air  supply. 


The  full  facility  is  computer-controlled  from  a  remote 
cabin.  Figure  10  shows  the  facility  as  seen  from  the 
control  cabin,  with  the  gas  supply  panel  in  the 
background. 


2.  Performance  measurements 

2.1  Introduction 

The  performance  matrix  imposed  by  the  European 
Space  Agency  (figure  3)  needed  to  be  experimentally 
confirmed  by  performing  total  pressure  and  heat  flux 
measurements.  To  that  effect,  specific  probes  have  been 
designed,  built  and  used.  However,  the  probes  allow  to 
obtain  much  more  information  than  simply  the  values  of 
total  pressure  and  heat  flux.  Coupled  with  a  specific 
data  reduction  procedure,  the  experimental  results  can 
be  used  to  obtain  significant  information  on  the  flow. 

The  data  reduction  procedure  cannot  be  applied 
without  some  model  of  the  plasma  state.  It  requires  the 
use  of  several  numerical  tools,  as  outlined  on  figure  1 1 . 
These  models  include  of  course  adequate 
thermodynamic  and  transport  properties  modules,  the 
input  from  the  measurements,  and  a  stagnation-point 
heat  transfer  computation.  This  module  is  the  most 
sensitive  as  far  as  data  reduction  is  concerned,  because 
the  capability  to  relate  stagnation  properties  to  flow 
properties  directly  depends  from  the  quality  of  this 
module. 


Figure  11.  Elements  to  take  into  account  in  the  data 
reduction  model  of  the  Pitot  and  heat  flux  probes 
measurements 


2.2  The  Pitot  probe 

2.2.1  Description 

The  Pitot  probe  used  in  the  Plasmatron  is  similar 
to  classical  Pitot  probes,  except  that  it  is  water-cooled 
to  resist  the  plasma  heat.  It  is  made  out  of  brass  and  has 
a  hemispherical  head  of  12  mm  diameter,  with  a 
pressure-sensing  orifice  of  2  mm  diameter.  The  size  of 
the  Pitot  is  imposed  by  the  requirements  of  installing 
the  water  passages  for  the  water.  The  design  of  the 
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probe  has  been  inspired  by  the  example  of  the  Pitot  probe 
used  in  the  LBK  arc -jet  facility  at  DLR  Koln.  The 
conceptual  drawing  of  the  Pitot  probe  is  shown  on  figure 
12  and  a  picture  of  the  probe  is  shown  on  figure  13  [2], 
The  probe  is  connected  to  the  Plasmatron  cooling  system 
and  receives  water  at  a  pressure  of  10  bars  and  a  flow  rate 
of  8  1/min. 


Figure  12.  Conceptual  drawing  of  the  Pitot  ptobe 


Figure  13.  The  Pitot  probe  as  built 


The  accuracy  of  each  component  is  indicated  on 
table  1  according  to  the  manufacturer's  specifications 
(reading  accuracy  is  assessed  based  on  the  capability  of 
the  user  to  distinguish  half  of  the  interval  between  two 
lines  on  the  plotter  paper).  The  global  error  can  be 
obtained  either  by  summing  up  each  error  ("highest 
error  possible"  approach)  or  by  using  the  square  root  of 
the  sum  of  the  squares  of  the  successive  errors  ("most 
probable  error”  approach).  We  obtain: 

•  Final  absolute  error  on  the  static  pressure: 

Aps  =  0.6  hPa. 

•  Final  absolute  error  on  the  Pitot  differential  pressure 
reading:  A(p,  -  ps)  =  0.022  hPa  (most  probable). 

•  Final  absolute  error  on  the  Pitot  pressure: 

Ap,  =  0.6  hPa  (most  probable). 


Component 

Quoted 

uncertainty 

Absolute 

error 

Plasmatron  transducer 
DI200 

0.3  %  on  200  hPa 

0.6  hPa 

Validyne  pressure 
transducer 

0.25  %  on  86  mm 
H,0 

0.021  hPa 

Betz  micro-manometer 

0.02  mm  H20 

0.002  hPa 

Pen  plotter 

0.3  %  on  1  V 
(10  inches) 

0.003  hPa 

Reading  accuracy 

0.05  inches 

0.005  hPa 

Table  1.  Uncertainty  of  the  Pitot  probe  measurement  chain 


2.2.2  Measurements  and  accuracy 

The  Pitot  probe  is  used  to  perform  stagnation 
pressure  measurements.  The  required  experimental  set-up 
is  shown  conceptually  on  figure  14.  The  static  pressure  ps 
of  the  Plasmatron  chamber  is  measured  by  an  absolute 
pressure  transducer  of  0.3%  full-scale  uncertainty 
(Leybold  ceramic  capacitance  diaphragm  transducer 
DI200).  The  Pitot  tube  is  connected  to  a  differential 
pressure  transducer  (Valydine  variable  reluctance 
transducer  DP45),  calibrated  using  a  Betz  precision 
micro-manometer.  The  transducer  output  is  read  on  a  pen 
plotter. 


Figure  14.  Pitot  pressure  measurement  set-up  (schematic 
drawing) 


2.3  The  heat  flux  probe 

2.3.1  Working  principle 

The  heat  flux  measurement  is  carried  out  by  heat 
balance  between  power  inflow  from  the  plasma  and 
power  outflow  through  the  cooling  water: 

q  S  =  mcp  (Tou,  -  Tin)  (1) 

In  this  equation,  the  left  side  represents  power 
brought  from  the  plasma  jet  into  the  probe,  with  q  the 
stagnation-point  convection  heat  flux  rate  (unknown) 
and  S  the  area  of  the  sensing  element.  The  right  side 
represents  power  evacuated  by  the  cooling  circuit  of  the 
probe,  with  m  the  mass  flow  rate  of  the  water  and  cp  its 
specific  heat.  Tin  and  Tom  are  the  water  temperatures  at 
respectively  the  inlet  and  outlet  of  the  sensing  element. 

2.3.2  Description 

The  heat  flux  probe  has  been  specifically  designed 
at  VKI  [3].  Its  concept  is  shown  on  figure  15.  The  probe 
is  shaped  exactly  as  the  standard  TPS  sample  holder  of 
the  European  Space  Agency,  so  that  the  stagnation- 
point  velocity  gradient  at  the  edge  of  the  boundary  layer 
can  be  the  same  in  both  cases  (hence,  there  is  no  change 


thermocouple  junctions 


thermocouples 
protection  water  in 


Figure  15.  Conceptual  drawing  of  the  heat  flux  probe 


in  heat  flux  due  to  the  geometry).  The  front  part  of  the 
probe  is  made  of  copper,  which  is  a  highly  catalytic 
material  and  is  used  as  a  reference  material  in  many 
facilities.  The  sensing  element  is  14  mm  in  diameter.  Cold 
water  flows  against  its  inner  wall,  coming  from  the  probe 
centreline.  A  thermocouple  junction  is  inserted  to  measure 
Tin  close  to  the  sensing  element.  Water  flows  radially 
outwards  and  is  mixed  in  the  collector  before  flowing 
back  into  the  stem.  Another  thermocouple  junction  is 
inserted  after  the  collector  to  measure  Tour. 

The  external  shape  of  the  probe  is  obtained  by  the 
protective  cap,  in  which  cold  water  is  also  flowing  to 
avoid  damage  by  the  plasma  flow.  This  protective  cooling 
water  circuit  is  completely  separated  from  the 
measurement  circuit  (the  water  is  taken  from  the 
Plasmatron  cooling  system  at  lObar  and  10  1/min).  The 
external  wall  of  the  cap  is  made  of  copper  as  well,  in  order 
to  avoid  changes  in  wall  catalycity  around  the  sensing 
element  (such  differences  in  wall  catalytic  properties  can 
cause  local  heat  flux  overshoots  of  10%  [4]  that  perturb 
the  measurements  considerably).  There  is  a  small  gap 
between  the  sensing  element  and  the  cap,  to  avoid  contact 
causing  heat  losses  by  conduction.  As  a  consequence,  the 
interior  space  around  the  sensing  element  is  under  the 
same  low  pressure  than  the  Plasmatron  chamber.  This 
increases  the  insulation  between  the  sensing  element  and 
other  parts  of  the  probe. 


2.3.3  Measurements  and  accuracy 

Figure  16  shows  the  measurement  chain  required 
for  the  measurement  of  heat  flux  rate.  The  two 
thermocouple  junctions  measuring  the  temperature 
difference  are  part  of  the  same  thermocouple.  The 
signal  then  directly  gives  a  measure  of  the  temperature 
difference  (Tout  -  Tin).  Besides  a  greater  accuracy  (it 
eliminates  the  need  of  calculating  a  small  difference 
between  two  large  quantities),  doing  so  also  removes 
the  need  of  compensating  wires. 
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Figure  16.  Heat  flux  measurement  set-up  (schematic 
drawing) 
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Another  thermocouple  is  installed  to  measure  the 
water  temperature  in  the  measurement  circuit  at  the  exit  of 
the  probe,  where  the  mass  flow  rate  has  to  be  measured.  A 
rotameter  is  used  to  measure  the  mass  flow  rate,  which  can 
be  adjusted  manually  by  a  regulating  valve  (changing  the 
amount  of  mass  flow  changes  the  temperature  difference 
at  a  given  heat  flux  rate).  Both  temperature  records  are 
made  using  a  pen  plotter.  The  mass  flow  determination 
from  the  rotameter  float  height  involves  reading  the 
calibration  curves  provided  by  the  manufacturer.  In  order 
to  obtain  reduced  processing  times,  a  small  computer 
program  was  written  to  interpolate  the  calibration  curves 
automatically,  in  such  a  way  that  no  additional  error  is 
performed. 


From  (1)  it  is  seen  that  the  accuracy  depends  on  the 
mass  flow  measurement,  temperature  difference 
measurement  and  sensing  element  area  (neglecting 
uncertainties  on  the  water  cp).  The  uncertainties  associated 
with  the  individual  elements  of  the  measurement  chain  are 
given  by  table  2  and  can  be  combined  using  classical  error 
analysis,  to  give  a  highest  error  of: 

Aq  _  AS_  +  A  ( T„ut  —  Tjn)  +  Acp  +  Am  ^2) 

q  S  Toui  ~  Tin  cp  m 


and  a  most  probable  error  of: 


Ag_ 

q 


AS 

S 


A  ( Tnut  -  Tin) 
T  —T 

*  nut  L  m 


\2  /  .\2  1/2 
4£a)  +{Am} 

cp  ) 


(3) 


The  value  of  heat  flux  involves  many  variables  and  a 
value  of  uncertainty  cannot  be  obtained  in  such  a 
straightforward  way  as  was  done  in  the  Pitot  probe  case. 
In  particular,  the  measurements  of  temperature  and  mass 
flow  rate  are  related:  if  the  mass  flow  rate  increases,  the 
temperature  difference  decreases,  and  so  the  error  on  the 
former  decreases  but  the  error  on  the  latter  increases. 


More  in-depth  error  analysis  requires  to  examine  the 
actual  operating  conditions  of  the  heat  flux  probe  in  the 
plasma  flow.  As  is  shown  by  figure  17,  pen  plotter 
recordings  of  the  temperature  show  high-frequency 
oscillations.  When  the  mass  flow  is  too  small  (e.g.  60  mm 
float  height  -  4.3  g/s  ),  the  oscillations  are  big.  They  first 
decrease  with  increasing  mass  flow  (e.g.  70  mm,  5.4  g/s) 
then  increase  again  (not  shown).  In  the  example,  the 
oscillations  at  70  mm  and  80  mm  (6.4  g/s)  are  comparable 
in  amplitude,  but  the  mean  signal  was  steadier  at  70  mm. 
Of  course,  as  the  mass  flow  rate  increases,  the  temperature 
difference  decreases,  so  the  height  of  70  mm  was  chosen, 
except  when  the  heat  flux  was  too  high,  in  which  case  the 
mass  flow  was  increased. 


This  behaviour  could  be  interpreted  as  follows:  at 
low  mass  flow,  the  flow  is  laminar;  as  it  increases,  the 
flow  can  get  turbulent  in  the  sensing  element  of  the  probe, 
causing  greater  oscillations  in  the  output  traces. 
Consequently,  increasing  the  mass  flow  causes  an  increase 
in  signal  noise.  The  decrease  in  signal  noise  which  is  first 


observed  when  the  mass  flow  is  increased  can  indicate 
that,  when  the  mass  flow  is  too  low,  the  convection 
coefficient  is  not  high  enough  to  prevent  local  boiling  of 
the  water.  The  bubbles  will  cause  signal  noise  when 
passing  over  the  thermocouple. 


Component 

Quoted 

uncertainty 

Absolute 

error 

Rotameter 

1 .6  %  full  scale 

0.37  10'3  kg/s 

Sensing  element  area 

1/10  mm  on 
diameter 

8.83  10'6  m2 

Water  specific  heat 

0.1  J/(kg  K) 

0.1  J/(kg  K) 

Thermocouple 

coefficient 

1  % 

0.25  K 

Pen  plotter  ( AT) 

0.3  %  on  1  V 
(10  inches) 

0.075  K 

Pen  plotter  (7) 

0.3  %  on  1  V 
(10  inches) 

0.15  K 

Reading  accuracy 
(AT) 

0.05  inches 

0.125  K 

Reading  accuracy  (7) 

0.05  inches 

0.25  K 

Table  2.  Uncertainty  of  the  heat  flux  probe  measurement 
chain. 


Figure  17.  Typical  traces  recorded  when  the  heat  flux  probe 
is  in  the  plasma  jet 


The  probe  study  that  was  performed1  [3]  has 
allowed  to  obtain  a  relationship  between  the  mass  flow 
rate  in  the  probe  and  the  heat  flux  rate: 


1  Numerical  simulation  of  the  flow  inside  the  sensing 
element  have  been  performed  to  obtain  the  Nusselt- 
Reynolds  relationship  for  the  particular  geometry. 


with  Xwau  the  wall  thermal  conductivity.  Based  on  a  wall 
temperature  equal  to  the  boiling  point  at  10  bar  (440  K), 
the  minimum  mass  flow  rate  necessary  to  avoid  boiling  is 
obtained.  In  the  range  of  the  Plasmatron  original 
specifications,  i.e.  heat  flux  values  up  to  1200  kW/m2,  the 
minimal  mass  flow  rate  was  compatible  with  values 
yielding  significant  temperature  differences  (about  15  K  at 
1200  kW/m2).  As  the  next  chapter  will  show,  the 
Plasmatron  performances  quite  exceed  the  original 
specifications.  Because  the  necessary  mass  flow  rate 
varies  with  the  square  of  the  heat  flux,  the  mean 
temperature  increase  (Toul  -  Tin)  varies  as  the  inverse  of 
the  heat  flux  and  drops  down  to  values  much  too  small  to 
be  of  practical  use.  For  this  reason,  the  probe  was  used 
with  lower  mass  flow  rates,  corresponding  to  risks  of 
boiling  in  the  probe.  It  is  known  that  a  small  amount  of 
boiling  causes  nucleated  boiling,  a  condition  that 
increases  the  local  convective  heat  transfer  coefficient. 
Apparently,  up  to  the  maximal  measured  heat  flux  of 
3.5  MW/m2,  the  DNB  point2  has  never  been  reached  in  the 
performed  experiments  (if  not,  damage  to  the  probe  would 
certainly  have  occurred).  However,  the  presence  of 
bubbles  in  the  flow  creates  additional  noise  on  the 
measurement  signals. 

Typical  conditions  can  therefore  be  identified  as: 
mass  flow  rate,  6  g/s  and  temperature  difference,  10  K. 
Using  these  values  in  the  error  assessment  formulas,  one 
gets: 

•  most  probable  relative  error:  ^  =  8.9  % 

<7 

2.4  Uncertainty  due  to  the  fluctuations  of  the 
measurements 

As  shown  by  figure  17,  the  traces  recorded  by  the 
pen  plotter  show  a  high-frequency  variation  of  the 
measurements.  This  is  related,  as  already  discussed,  to  the 
nature  of  the  flow  inside  the  probe,  but  is  also  related  to 
the  fluctuations  of  the  facility  operating  conditions.  The 
uncertainty  of  the  measurements  must  take  this 
phenomenon  into  account.  In  order  to  do  so,  the  standard 
uncertainty  assessment  procedure  used  at  VKI  (Kline  & 
McClintock,  [5] )  has  been  applied. 

Pen-plotter  records  of  a  heat  flux  traverse  have  been 
used.  The  mean  value  of  the  heat  flux  has  been  recorded  at 

2  Departure  from  Nucleated  Boiling,  when  the  gas  phase 
settles  in  a  film  flowing  close  to  the  wall,  forming  an 
insulation  layer  that  causes  a  severe  drop  in  the  heat 
transfer  coefficient  (a  condition  known  as  film  boiling). 


each  1  mm  interval,  by  locating  the  minimal  and 
maximal  value  of  the  high-frequency  temperature 
variations  around  the  sampled  time  position,  and  taking 
the  middle  value  of  the  interval.  This  has  been 
converted  to  heat  flux.  The  reference  heat  flux  value  has 
then  been  taken  as  the  mean  value  of  all  the  means.  An 
uncertainty  band  of  ±4.07%  can  be  obtained  for  the 
bulk  of  the  measurements  (20  to  1  odds).  Combining 
this  uncertainty  with  the  instrumental  error  of  the  heat 
flux  measurements,  one  finally  obtains  a  most  probable 
relative  error  of  9.8  %  (20  to  1)  on  the  heat  flux. 

The  same  kind  of  studies  have  also  been  made  for 
the  Pitot  probe.  The  uncertainty  band  is  found  to  be 
2.05  Pa  (20:1).  This  uncertainty  band  can  be  coupled 
with  the  instrumental  uncertainty  determined  above,  to 
yield  final  values  of  the  uncertainty: 

•  Most  probable  absolute  error  on  the  Pitot  pressure 
reading:  A(p,  -  ps)  =  0.03  hPa  (20  to  1). 

•  Most  probable  absolute  error  on  the  Pitot  pressure: 
Ap,  =  0.6  hPa  (20  to  1). 


2.5  Correctness  of  heat  flux  measurements 

The  heat  flux  probe  yields  a  measurement  of  the 
heat  flux  received  at  the  stagnation  point,  with  an 
accuracy  of  about  10%  based  on  the  errors  and 
uncertainties  of  the  measurement  chain.  However,  the 
question  of  the  correctness  of  this  result  remains  to  be 
addressed.  In  other  terms,  how  accurate  is  the 
measurement  with  respect  to  the  real  heat  flux  yielded 
by  the  flow? 

2.5.1  Heat  flux  balance  on  the  probe 

The  principle  of  the  heat  flux  probe  relies  on  a 
steady-state  equilibrium  of  heat  fluxes  at  the  stagnation 
point:  the  probe  is  subject  to  the  convective  heat  flux  qf 
from  the  flow,  which  can  be  split  into  the  radiated  heat 
flux  qr  from  the  probe  surface,  the  transmitted  heat  flux 
qc  conducted  through  the  probe  wall  and  the  conduction 
losses  qi  to  the  probe  sides.  The  measured  heat  flux 
corresponds  to  qc,  and  hence  has  a  value  equal  to: 

qc  =  qf-qr~qi  (5) 

The  radiated  heat  flux  is  that  of  a  black  body 
surface  at  a  temperature  which  cannot  exceed  the 
boiling  point  of  water  at  10  bars,  i.e.  440  K.  Hence,  one 
obtains: 

qr.max  =  a  T4  =  2125.4  W/m2  (6) 

The  radiated  heat  flux  is  equal  to  0.6%  of  the  minimal 
heat  flux  requirement  of  350  kW/m2  Hence,  the 
radiated  heat  flux  is  negligible. 
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The  lateral  conduction  losses  in  the  probe  are  much 
limited  by  the  gap  which  lies  between  the  sensing  element 
and  the  protective  cap.  This  gap  creates  a  layer  of  low- 
pressure  air  which  acts  as  an  insulator  with  respect  to 
lateral  heat  flux  losses. 

Another  source  of  conduction  losses  would  be  heat 
travelling  in  the  outer  walls  of  the  sensing  element. 
However,  the  mechanical  design  of  the  sensing  element  is 
siich  that  these  walls  are  in  contact  with  the  cooling  water 
over  several  diameters  before  the  outlet  temperature  is 
measured  (figure  15).  Therefore,  it  can  be  safely  assumed 
that  all  the  incoming  heat  flux  has  been  absorbed  by  the 
water  before  the  temperature  measurement  is  made. 

2.5.2  Outlet  temperature  measurement 

Another  source  of  error  can  come  from  the  outlet 
temperature  measurement  in  the  sensing  element.  Indeed, 
numerical  simulations  of  the  first  design  [3]  had  shown 
that  there  was  a  significant  temperature  gradient  at  the 
thermocouple  junction,  meaning  that  the  measured  outlet 
temperature  could  be  different  than  the  mean  outlet  flow 
temperature.  The  design  has  been  accordingly  modified  to 
include  a  mixing  chamber  before  the  outlet  flow  passes  in 
the  measurement  region,  in  order  to  reduce  this  source  of 
error  to  maximum  extent. 


3.  Data  reduction  procedure 

3.1  Thermodynamic  and  transport 
properties  model 

In  the  temperature  and  pressure  range  of  ICP  torches 
(i.e.  T<  15  000  K  and  pel  atm),  air  dissociates  and 
ionises,  giving  rise  to  a  mixture  of  chemically-reacting 
thermally  perfect  gases  which  can  be  accurately  described 
by  the  13-species  model  (02,  0,  0+,  02+,  N2,  N,  N+,  N2+, 
NO,  NO+,  Ar,  Ar+,  e")  [6].  Bottin,  VandenAbeele  and 
Barbante  have  developed  an  efficient  computer  library 
called  PEGASE ,  used  to  compute  thermodynamic  and 
transport  properties  of  arbitrary  mixtures  [7].  As  indicated 
by  figure  18,  it  is  made  of  three  modules  which  can  be 
individually  called  from  any  CFD  application  that  requires 
it,  such  as  the  program  performing  the  data  reduction 
procedure  described  in  the  present  notes. 

The  thermodynamic  module  computes  the 
thermodynamic  properties  of  individual  species  using  the 
statistical  thermodynamics  relations  for  atoms  and 
harmonic  or  anharmonic  oscillator  diatomic  molecules.  It 
computes  the  equilibrium  composition  of  the  mixture 
using  the  law  of  mass  action,  through  an  efficient 
algorithm  solving  the  system  in  a  partly  analytical,  partly 
numerical  (Newton)  approach.  The  mixture  properties  are 
obtained  from  the  species  properties  and  the  composition. 


PEGASE 

" PErfect  GAS  Equation  solver" 


•  IK  MOO  - 


THERMOdynamic  TRAnsport  CHEMical 

properties  Coefficients  Coefficients 

Figure  18.  Constituents  of  the  thermodynamic  model  PEGASE 

The  transport  properties  module  uses  the  kinetic 
theory  of  gases  to  compute  viscosity,  thermal 
conductivity  and  diffusion  in  the  mixture.  It  relies  on 
recent  values  of  collision  integrals  data  and  includes 
second-order  treatment  of  the  electron  properties  and 
rigorous  computation  of  both  the  ambipolar  diffusion 
and  the  reactive  thermal  conductivity  through  the 
Stefan-Maxwell  equations. 

The  chemical  kinetics  module  produces  the  source 
terms  arising  from  the  finite-rate  chemistry  air  models 
available  in  the  literature.  It  is  not  used  in  the  present 
data  reduction  procedure,  since  we  are  assuming  local 
thermodynamic  equilibrium. 


3.2  Low-Reynolds  correction  to  the 
measured  Pitot  pressure  (Barker  effect) 

At  very  low  Reynolds  numbers,  it  is  no  longer 
possible  to  ignore  the  effects  of  viscosity.  The  radial 
velocity  gradient  close  to  the  stagnation  point  causes 
momentum  to  be  transferred  to  the  stagnation  streamline 
from  the  neighbouring  streamlines.  This  leads  to  an 
increase  of  total  pressure  in  the  stagnation  point  with 
respect  to  the  ideal,  isentropic  deceleration  case.  This 
effect3  appears  for  Reynolds  numbers  lower  than  1000, 
based  on  the  external  Pitot  tube  diameter,  but  only 
becomes  significant  under  Re  =  100.  The  increase  of 
Pitot  pressure  is  usually  expressed  as  a  function  of  the 
dynamic  pressure  of  the  flow: 


This  pressure  coefficient  depends  of  the  Pitot  tube 
shape,  as  clearly  shown  on  figure  19,  taken  from  [8]. 
All  Pitot  probes  used  by  the  various  researchers  had  a 
cylindrical  geometry  with  a  flat  end  facing  the  flow. 
Only  Pitot  tube  B  had  a  round  nose  and  yields  data  of 
interest  for  the  present  probe. 


3  Named  according  to  its  discoverer,  M.  Barker  (1922). 
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The  geometry  is  not  exactly  similar,  however,  since 
Sherman  used  source-shaped  probes  but  no  hemispherical 
probes  [9].  Nevertheless,  he  obtained  results  which  could 
be  well  fitted  with  Homann's  theoretical  calculations  [10] 
for  a  sphere.  The  expression  obtained  by  Homann  almost 
exactly  fits  the  data  labelled  B.  Given  the  high  value  of 
viscosity  and  the  low  value  of  density  in  the  plasma,  the 
Barker  effect  obviously  needs  to  be  taken  into  account. 


Figure  19.  Pitot  pressure  correction  for  Barker  effect  as  a 
function  of  Reynolds  number  and  Pitot  probe  shape 
(from  [8]  -  A  =  tube  external  diameter ) 


Homann's  computation  yields  the  following 
correction  term  for  incompressible  Barker  effect: 

Pt =  PPiiot —  ^  P  U  [  Cp(Re)  —  1  ]  (8) 

with 

Cp~  1  +  Re  +  0.455  Rem  (9) 

where  the  Reynolds  number  is  expressed  in  terms  of  the 
probe  nose  radius  R: 


Re  =9JLE-  (]0) 

P 

We  cannot  be  sure  that  this  relation  holds  true  even 
for  low-velocity  plasmas,  because  of  the  density  variation 
due  to  temperature.  However,  it  is  the  only  existing 
relation  that  we  found  in  the  literature  and  which  offers  a 
sound  theoretical  basis.  More  in-depth  studies  of  the 
Barker  effect  in  plasma  flows  may  be  necessary  to 
improve  the  correction. 


3.3  Exact  computation  of  the  stagnation 
point  heat  transfer 

3.3.1  Introduction 

The  exact  solution  of  the  stagnation-point  heat 
transfer  on  the  heat  flux  probe  can  be  obtained  through 
the  numerical  integration  of  the  compressible 
axisymmetric  boundary  layer  equations  for  chemically¬ 
reacting  gas  mixtures.  It  is  important,  for  such 
problems,  to  understand  the  effect  that  wall  catalycity 
can  have  on  the  solution. 

Figure  20  shows  the  difference  between  a  non-catalytic 
and  a  fully  catalytic  surface.  In  the  former  case,  the 
speed  with  which  dissociated  species  recombine  at  the 
surface  (noted  k,  catalytic  recombination  speed)  is  zero. 
Consequently,  there  is  no  reaction  taking  place  on  the 
surface.  In  the  latter  case,  that  speed  tends  to  infinity 
and  the  dissociated  species  will  recombine  at  the 
surface.  In  so  doing,  they  free  up  their  formation 
energy,  which  goes  into  the  wall.  Thus,  as  wall 
catalycity  increases,  the  conductive  heat  transfer  is 
increased  too,  and  so  is  the  equilibrium  surface 
temperature. 

Non-catalytic  material 

(k  =  0  m/s ) 

\  \  \  \  \  l 

|  Fully  catalytic  material 

(k  =  oo  m/s) 


I  Increase  of  catalycity 

%  Increase  of  heat  flux 

Increase  of  wall  temperature 

Figure  20.  Effect  of  surface  catalycity  on  heat  flux 


3.3.2  The  limiting  solutions:  equilibrium  and 
frozen  boundary  layers 

Three  limiting  solutions  can  be  of  interest.  The 
frozen  boundary  layer  on  a  non-catalytic  wall  is  the 
simplest  problem  to  treat,  since  no  chemical  reactions 
take  place  in  the  boundary  layer  or  on  the  wall  surface. 
However,  the  copper  heat  flux  probe  has  a  surface 
which  is  much  closer  to  full  catalycity  than  to  no 
catalycity.  Therefore,  the  case  of  a  catalytic  wall  must 
be  considered. 

A  catalytic  wall  imposes  recombination  of  ions 
and  atoms  in  the  vicinity  of  the  wall.  Hence,  in  a  frozen 
boundary  layer  on  a  catalytic  wall,  there  is  no  chemistry 
source  term  in  the  flow,  but  there  are  chemical  reactions 
near  the  wall  and  the  species  concentration  varies  across 
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the  boundary  layer,  reaching  a  steady-state  distribution  in 
accordance  to  diffusion  effects  due  to  concentration 
gradients.  In  the  equilibrium  boundary  layer  case,  the 
chemical  composition  is  imposed  by  the  temperature  and 
pressure  profile  across  the  boundary  layer.  In  that  limiting 
solution,  the  wall  catalycity  does  not  play  any  role. 
Diffusion  effects  are  negligible  in  the  boundary  layer  but 
not  near  the  wall,  since  diffusion  of  chemical  energy  adds 
to  the  heat  flux  just  like  in  the  case  of  the  frozen  boundary 
layer  with  catalytic  wall.  However,  this  effect  can  be  taken 
into  account  by  means  of  the  equilibrium  thermal 
conductivity.  Under  this  hypothesis,  one  simply  writes: 

^  =  -XequgmdT  (6.11) 

At  this  point,  we  should  note  that  there  is  not  much 
difference  in  species  concentration  near  the  wall  between 
an  equilibrium  boundary  layer  and  a  frozen  boundary 
layer  with  a  fully  catalytic  wall.  The  values  of  heat  flux  in 
both  cases  will  then  be  almost  identical  [11].  The 
simplifying  assumption  of  an  equilibrium  boundary  layer 
then  seems  reasonable  for  the  purpose  of  the  calculation. 

3.3.3  Governing  equations 


and  the  new  functions/,  g  and  V  are  introduced  such  as: 


y._  9/_  u 
dr]  ue 

(17) 

T 

8  =  f 

1  e 

(18) 

dx  'Jh) 

(19) 

It  can  be  easily  verified  that  all  variables  and 
functions  are  non-dimensional.  The  function  V  is 
introduced  in  order  to  reduce  the  order  of  the  equations. 
If  it  was  not  done,  terms  proportional  to  the  third 
derivative  of/would  appear  in  the  equations. 

3.3.5  Non-dimensional  equations 

Using  the  Levy-Lees  transformation  outlined 
above  and  performing  the  necessary  substitution  and 
algebra,  the  following  equations  are  obtained  for  the 
stagnation-point  solution: 


The  governing  equations  of  the  axisymmetric, 
compressible  equilibrium  boundary  layer  equations  are 
written  as  follows  [12]: 


dpuR  {dprR  _  Q  n2) 

dx  dz 


„  „  d u 

pu  —  +  pv  —  - 
OX  0  z 


dpe  ,  9 
d  x  d  z 


„  9  h  ,  „  d  h  d  pe  , 

pu  —  +  pv  —  =W-^  +  yU 


(13) 

(14) 


^  +  /'  =  0  (20) 

dr] 


(21) 


vi£=!J_teiiL|-£  eJL-x[*L\ 

dr]  Cdr\\Prdr])  CL  2  p  V9  rj)  _ 


(22) 


The  following  non-dimensional  symbols  have 
been  introduced,  with  cp  and  X  taken  as  equilibrium 
values: 


3.3.4  Change  of  variables 

A  combination  of  the  Mangier  transformation4  and 
Howarth,  Illingworth,  Stewartson  transformations5  are 
used,  in  which  the  outer  edge  of  the  boundary  layer  is  used 
as  reference  condition  [13],  unlike  Fay  and  Riddell’s 
choice  of  wall  conditions.  The  Levy-Lees  change  of 
variables  is  given  by  [14]: 


pepeueR2  dx' 

J  0 

(15) 

t]  (x,  z)  -  f  p  dz 

v/2  0 

(16) 

4  Transforming  axisymmetric  to  equivalent  2D  boundary 
layer  equations. 

5  Transforming  compressible  to  equivalent  incompressible 
boundary  layer  equations. 


X  =  -^~ 

Pe  pe 

(23) 

c  =  f 
\Cp,e  J 

(24) 

a  « 
o’ 

II 

(25) 

pr  =  tL£ e 

A 

(26) 

The  equations  can  be  simplified  to  self-similar 
form  (i.e.  dependent  on  77  only)  because,  by  definition 
of  the  stagnation  point,  |  =  0.  This  alone  does  not 
guarantee  that  all  terms  function  of  £  vanish,  however. 
In  addition,  the  derivatives  of  ue  and  Te  at  the  stagnation 
point  can  be  shown  to  have  the  following  limiting 
values: 
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lim 

>0 


H  djA 
,Ue  dgj 


1 

2 


lim 

£-*> 


'll  He) 

Te  dU 


=  0 


(27) 

(28) 


3.3.6  Boundary  conditions 

The  following  boundary  conditions  for  the 
transformed  variables  are  used: 


(wall,  r]  -  0) 

o 

ii 

■(29) 

(wall,  rj  =  0) 

T 

g=  -f 

‘  e 

(30) 

(outer  edge,  tj  — >  °o) 

/’-l 

(31) 

(outer  edge,  T]  — >  °°) 

8=  1 

(32) 

3.3.7  Resolution  scheme 

The  above  system  of  equations  is  solved  in  a  loosely 
coupled  manner.  Supposing  that/'  is  given,  the  continuity 
equation  (20)  can  be  integrated  in  a  straightforward  way 
along  the  r]  co-ordinate.  A  uniform  spacing  has  been 
chosen  for  the  discretisation  in  r)  so  that  Simpson’s  rule 
can  be  used  in  the  integration. 

Supposing  V  known,  the  momentum  (21)  and  energy 
(22)  equations  can  then  be  solved.  These  equations  are 
non-linear,  but  they  can  be  cast  in  a  general  pseudo-linear 
form: 


a  y"  +  by'+  c  =  0  (33) 

with,  for  the  momentum  equation  (y  =/'): 

a=X  (34) 

b  =  (35) 

d  r) 

c=i(a-f>)  ,36) 

and  for  the  energy  equation  (y  =  g)- 


a  =  %/Pr 


b  =  LH(lc\_v 
C  d  r/{  Pr  J 


C\  2p  id  T) 


(37) 

(38) 

(39) 


The  coefficients  a,  b  and  c  are  function  of /  and  g,  but  for 
the  sake  of  solving  the  equations  will  be  considered 
constants,  computed  using  the  results  of  the  previous 


iteration.  The  derivatives  are  replaced  by  4th-order 
central  finite  differences6  [15]  and  the  value  of  the 
unknown  functions  are  obtained  at  each  discretised 
point  along  the  T]  co-ordinate  by  solving  the  resulting 
linear  system. 

The  solution  method  differs  from  what  was 
outlined  above  for  the  sake  of  numerical  efficiency  [13]. 
The  unknowns  are  actually  replaced  by  4th-order 
Lagrange  polynomials  of  which  the  coefficients  are 
computed  so  that  the  polynomial  matches  the  exact 
solution  of  the  differential  equations  in  several  arbitrary 
points  [16]. 

3.3.8  Computation  of  heat  flux  rate 

Based  on  the  definition  (11)  of  the  heat  flux  rate 
and  the  transformation  of  the  equations  in  non- 
dimensional  space,  the  magnitude  of  the  heat  flux  rate  is 
simply  given  by: 


q  = 


Pw  Av  g  w 


(40) 


The  value  of  the  derivative  g'w  at  the  wall  comes 
from  the  boundary  layer  computation.  The  outer  edge 
parameters  come  in  the  picture  from  the  Levy-Lees 
transformation. 


3.3.9  Stagnation-point  velocity  gradient 

For  the  typical  geometry  of  the  ESA  sample 
holder,  idealised  by  a  cylinder  of  radius  Rm  with  a  flat 
face  placed  perpendicularly  to  the  flow,  it  is  not 
possible  to  obtain  an  expression  for  the  velocity 
gradient  based  on  theory  alone.  Kolesnikov  [17] 
proposed  the  following  relation,  based  on  computations 
and  experimental  observations: 

_2-  C-  1.68  (^-l)2  -  1.28  (£-l)3  (41) 

^=C  (C>D  (42) 

with  £=  Rm/Rj,  Rj  being  the  plasma  jet  radius. 

For  other,  simpler  geometries,  like  the  cylinder  or 
sphere,  potential  flow  results  can  be  used  to  provide  a 
reasonably  accurate  value  of  the  stagnation-point 
velocity-gradient  in  inviscid  flow. 


6  Forward  and  backwards  4th-order  finite  differences  are 
used  on  the  sides  of  the  discretised  space,  where  a 
central  formula  cannot  be  applied. 
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3.4  Relating  flow  properties  to  experimental 
measurements 

3.4.1  Principle  of  the  method 

Let  us  suppose  that  the  models  described  above  are 
available  to  compute  the  stagnation-point  heat  flux  rate  q 
and  the  stagnation  pressure  on  the  Pitot  tube  pPitot.  The 
flow  properties  in  which  we  are  interested  are  the  pressure 
p,  density  p,  temperature  T  and  velocity  u,  from  which  all 
other  flow  properties  can  be  computed.  Since  the 
measurements  are  performed  in  a  subsonic  plasma  jet,  the 
static  pressure  in  the  jet  is  constant  and  equal  to  the  test 
chamber  pressure.  Then,  only  temperature  is  required 
before  the  chemical  composition  can  be  computed.  The 
computation  of  the  heat  flux  rate  requires  a  knowledge  of 
the  equivalent  outer  flow  values  on  the  probe,  i.e.  the  total 
pressure  and  temperature,  to  serve  as  boundary  conditions: 

q  =  q(p„  T„  u)  (43) 

If  the  full  exact  solution  of  the  boundary  layer 
equations  cannot  be  implemented  or  for  first  analysis,  the 
stagnation-point  heat  transfer  formula  of  Fay  and  Riddell 
for  the  equilibrium  boundary  layer  [11]  can  be  used.  It 
yields  a  heat  flux  accurate  within  10%: 

q  =  0.76  PrJ6  (pe  pfA  (pw  pJA  (H,  -  hw) 

,  n  0.48 

xf  l  +  (Le-l)— )  (44) 

\  Ht  hw ) 

3.4.2  Set  of  equations  without  correction  for  the 
Barker  effect 

In  this  case,  the  Pitot  probe  is  supposed  to  exactly 
measure  the  total  pressure  of  the  flow.  The  probe 
measurements  thus  provide  values  of  total  pressure  p,°  and 
heat  flux  q°.  The  static  pressure  p°  in  the  chamber  is 
known.  Then,  the  following  system  of  three  equations  can 
be  written,  expressed  in  three  unknowns  T„  T  and  u  which 
yield  the  aerothermodynamic  state  of  the  gas  ahead  of  the 
probe: 


q  (p°,  T„  u)-q°  =  0 

'  H,  (p°,  Tt)  -  [h  (p°,  T)  +  0.5  u 2]  =  0  (45) 

.S,(p°,  Tt)-s(p°,T)  =  0 

This  system  can  be  solved  using  a  Newton-Raphson 
iterative  procedure. 

3.4.3  Set  of  equations  with  correction  for  the  Barker 
effect 


The  above  system  supposes  that  the  total  and 
stagnation  pressures  are  equivalent,  a  hypothesis  which  is 
probably  hardly  verified  in  practice.  If  the  low-Reynolds 
correction  to  Pitot  pressure  (known  as  the  "Barker  effect") 
has  to  be  included,  then  the  total  pressure  becomes  an 


additional  unknown  [18],  Hence,  (45)  must  be 
transformed  into  a  system  with  four  unknowns  by  way 
of  the  total  pressure  correction  defined  in  terms  of  a 
coefficient  Cp,  function  of  the  Reynolds  number,  which 
is  itself  a  function  of  pressure,  temperature  and  velocity: 


'q  (p„  T„  u)-q°  =  0 

H,  (p„  T,)  -  [h  (p°,  T)  +  0.5  «2]  =  0 
5  (46) 

S,(p„  T,)-s(p°,  T)  =  0 

- PPitot  P  Pitot  ~~  0 

with 


PPitot  =  P,  +  0.5  p  (p°,  T)  u2  \CP  (P°,T,U)-  1]  (47) 

The  final  system,  solved  using  the  Newton- 
Raphson  procedure,  is  written  out  as  follows,  with  the 
elements  of  the  Jacobian  matrix  computed,  as  usual, 
using  numerical  finite  differences7: 


0 

<LZ 

<L± 

a_£  \ 

d  u 

dT, 

dp, 

/AT\ 

d  h 

dH 

dJI 

dT 

-  u 

dT, 

dp, 

Au, 

_  d  s 

0 

dS 

dS 

AT, 

dT 

dT, 

dp, 

\  4Pr  ) 

d  P Pitot 

d  PPitot 

0 

d  Pnot 

dT 

d  u 

dp,  ) 

( 

q° 

-q(p„ 

T„  u) 

[h(p°,  T)  +  0.5  u2)  -  H,  (p„  Tt) 
s(p°,  T)  -  S,(p„  T,) 

\  P  Pitot  ~  PPitot  J 


(48) 


The  iterative  process  is  continued  until  the 
residuals  (right-hand  side  vector)  have  reached  a  suffi¬ 
ciently  low  value  (in  our  case,  10'9,  usually  reached  in 
10  to  20  iterations  -  a  few  cases  were  tougher  to  com¬ 
pute,  not  converging  beyond  5  orders  of  magnitude). 


3.5  Facility  and  data  reduction  charts 

The  development  of  the  data  reduction  model 
using  the  stagnation-point  heat  transfer  and  Pitot  probe 
models  allows  us  to  numerically  build  performance 
maps,  i.e.  charts  that  relate  the  Plasmatron  parameters 
and  the  flow  stagnation  properties.  Since  three  boun¬ 
dary  conditions  are  needed  to  completely  determine  the 
conditions  of  each  run,  it  is  impossible  to  represent  the 
facility  performance  on  a  single  diagram.  One  possible 
choice,  which  comes  naturally,  is  to  freeze  the  test 


7  There  are  no  practical  closed-form  explicit  analytical 
expressions  for  these  derivatives,  due  to  the  chemistry. 
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chamber  pressure  and  to  represent  the  facility  performance 
as  a  function  of  the  two  remaining  parameters,  mass  flow 
rate  and  power.  The  sample  geometry  and  temperature 
must  also  be  defined  for  the  heat  flux  computation.  The 
heat  flux  probe  geometry  (figure  15)  has  been  used  with  a 
wall  temperature  of  400  K.  This  is  about  50  K  lower  than 
the  boiling  point  of  water  at  10  bars,  the  maximal 
temperature  that  the  cooling  water  can  reach  in  the  probe. 
The  low  values  of  heat  flux  are  then  underestimated 
because  the  probe  will  actually  be  colder. 

Figure  21  (a  to  e)  shows  the  performance  maps  at 
pressures  of  15,  25,  75,  125  (the  four  pressure  levels  used 
in  the  tests)  and  175  hPa  respectively.  The  maps  are 
drawn  with  Mach  number  and  flow  temperature  as  axes. 
Each  figure  comes  with  two  maps:  the  one  on  the  right  is 


used  to  determine  the  operating  conditions  (Mach 
number  and  temperature)  from  the  testing  conditions 
(stagnation  point  heat  flux  and  total  pressure).  The  other 
on  the  left  is  used  to  determine  the  values  of  equivalent 
mass  flow  rate  (tilted  right)  and  power  (tilted  left)  of  the 
flow. 

It  should  be  noted  that  the  power  and  mass  flow 
rate  indicated  by  the  charts  above  do  not  correspond  to 
the  facility  settings,  but  are  computed  based  on  constant 
flow  properties  across  the  jet,  as  in  a  quasi-one- 
dimensional  model.  The  difference  is  shown  on 
figure22,  where  it  is  readily  seen  that  the  mean  value  of 
any  real  flow  property  is  lower  than  the  equivalent 
quasi-one-dimensional  value  taken  for  that  property. 


power  [kW]  and  mass  flow  rate  [g/s] 


Plasmatron,  d.160 

1 5  hPa,  ESA  standard  holder,  Tw  =  400  K 


heat  flux  [kW/m2]  and  total  pressure  [hPa] 


g 

¥ 
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power  [kW]  and  mass  flow  rate  [g/s] 


Plasmatron,  d.160 

25  hPa,  ESA  standard  holder,  Tw  =  400  K 


heat  flux  [kW/m2]  and  total  pressure  [hPa] 


0.8  1 


g 
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Temperature  [K]  Temperature  [K]  Temperature  [K] 
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125  hPa,  ESA  standard  holder,  Tw  =  400  K 
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Figure  21.  Plasmatron  performance  maps  at  various  chamber  pressures  -  160  mm  diameter  torch, 
(a)  15  hPa  -  (b)  25  hPa  -  (c)  75  hPa  -  (d)  125  hPa  -  (e)  1 75  hPa 


Temperature  [K]  Temperature  [K]  Temperature  [K] 
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Figure  22.  Difference  between  the  real  field  and  the  quasi-ID 
flow  field  used  in  the  performance  maps 

Detailed  calibration  of  the  facility  is  required  to  be 
able  to  relate  the  two  values  one  to  another.  We  have 
shown  [18]  that  it  was  generally  not  possible  to  do  so  in 
the  Plasmatron  facility  because  the  equivalent  value  for 
the  mass  flow  rate  does  not  vary  according  to  a  simple 
function  of  the  mean  mass  flow  passing  through  the 
facility.  However,  the  charts  presented  above  can  still  be 
used  to  obtain,  at  a  glance,  the  values  of  temperature  and 
Mach  number  on  the  measurement  streamline  from  the 
measured  values  given  by  the  probes. 


4.  Facility  performance 

4.1  Performance  tests  versus  the  heat  flux 
versus  static  pressure  diagram 

4.1.1  Introduction 

Global  performance  measurements  were  carried  out 
in  the  scope  of  the  preliminary  calibration,  as  a 
verification  of  the  compliance  of  the  facility  to  ESA 
requirements  (as  outlined  on  figure  3.  During  that  first 
phase,  heat  flux  measurements  were  carried  out  at 
different  axial  positions  with  many  different  facility 
settings. 

4.1.2  Axial  position  of  the  probes 

The  test  conditions  considered  in  the  present  work 
are  defined  as  follows.  The  Plasmatron  SMIM8  allows 
only  a  limited  number  of  measurement  positions  in  the  test 
section.  Table  3  shows  the  nomenclature  associated  with 
each  position  and  the  distance  between  the  torch  exit  and 
the  tip  of  the  probe.  The  heat  flux  probe  or  the  Pitot  probe 
can  be  mounted  on  the  SMIM,  but  only  one  probe  can  be 
used  at  the  same  time. 


Side  Model  Injection  Mechanism,  a  temporary  probe 
support  system  that  can  be  fixed  on  the  side  portholes.  It 
will  be  replaced  in  the  future  by  the  MITM,  Model 
Injection  and  traversing  Mechanism. 


designation 

distance  (mm) 

AA1 

39 

AA2 

139 

AA3 

(189) 

AC1 

193 

AC2 

293 

AC3 

(343) 

AR1 

347 

AR2 

447 

AR3 

(497) 

Table  3.  SMIM  probe  positions  at  the  first  porthole 
(distances  between  parentheses  require  additional  equipment 
not  manufactured  at  the  time  of  writing) 


The  first  measurements  were  carried  out  from  the 
second  porthole,  at  1100  mm  from  the  torch,  as  a 
precaution  against  overheating.  Measurements  were 
then  taken  at  more  forward  positions  from  the  first 
porthole.  Four  positions  were  considered  in  this  work: 
AR2,  AR1,  AC1  and  AA1  (as  defined  in  table  3).  Given 
the  results  of  the  heat  flux  measurements  at  AC1,  it  was 
decided  that  testing  in  the  AA1  position,  closest  to  the 
torch,  could  not  safely  be  conducted  with  the  present 
heat  flux  probe  design,  and  positions  closer  than  AC1 
were  dropped  out  of  the  study. 

4.1.3  Facility  settings 

Facility  settings  used  to  control  the  test  conditions 
are  generator  power,  gas  mass  flow  rate  and  chamber 
static  pressure.  For  the  first  series  of  test,  which 
involved  illustrating  the  performances,  a  wide 
combination  of  the  parameters  were  used.  In  second  and 
more  detailed  calibration  phase,  only  4  pressure  levels 
were  considered:  15,  25,  75  and  125  hPa.  Power  levels 
were  chosen  to  be  150,  250  and  300  kW,  mass  flow  rate 
levels  8  and  16  g/s.  All  their  combinations  lie  in  the 
domain  of  stability  of  the  160  mm  diameter  plasma 
torch  and  are  easily  related  one  to  another  by  simple 
ratios,  except  the  condition  at  8  g/s  and  300  kW,  which 
is  out  of  the  domain  at  low  pressure  and  has  therefore 
not  been  tested. 

4.1.4  Results  of  the  first  heat  flux  measurements 

The  first  series  of  heat  flux  measurements  are 
summarised  on  figure  23  in  function  of  static  pressure. 
As  it  is  seen,  the  original  requirements  are  largely 
exceeded,  as  indicated  by  the  high  heat  flux  rates 
observed  in  all  the  pressure  range,  up  to  2.8  MW/m2. 
This  is  beneficial  to  the  future  use  of  the  facility:  not 
only  does  it  give  more  flexibility  in  testing  capabilities, 
but  it  also  ensures  that  reasonable  tests  can  be  carried 
out  on  many  different  re-entry  configurations.  Indeed, 
the  heat  flux  measured  here  are  recorded  on  a  fully 
catalytic  surface.  Real  TPS  samples  are  subject  to  lower 
heat  fluxes  for  the  same  value  of  stagnation  enthalpy. 
Therefore,  they  require  a  testing  environment  with  more 
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enthalpy  for  the  same  value  of  heat  flux.  The  peak  heat 
flux  of  2.8  MW/m2  has  been  measured  at  a  power  setting 
of  250  kW  and  at  193  mm  from  the  torch  exit. 
Extrapolating  the  value  to  the  torch  exit,  one  finds  that  the 
peak  heat  flux  close  to  the  torch  might  be  of  3500  kW/m2. 
Taking  into  account  the  power  still  available,  still  higher 
heat  fluxes  are  conceivable. 


Figure  23.  Heat  flux  performance  of  the  Plasmatron  compared 
to  the  original  ESA  requirements 


4.2  Use  of  Pitot  and  heat  flux  traverses  as  a 
validation  tool 

4.2.1  Introduction 

Although  the  Pitot  and  heat  flux  probes  have  been 
designed  primarily  to  record  the  contractual  performance 
of  the  facility,  they  can  be  used  to  obtain  other  data  as 
well.  We  have  performed  traverses  of  Pitot  and  heat  flux 
across  the  jet,  in  order  to  obtain  radial  profiles  of  dynamic 
pressure  and  heat  flux.  Figures  24a  and  b  show  photo¬ 
graphs  of  the  probes  in  the  160  mm  diameter  jet.  The 
pictures  clearly  show  that  the  blockage  of  the  Pitot  probe 
is  relatively  small  but  that  the  blockage  of  the  heat  flux 
probe  is  quite  important.  Therefore,  heat  flux  probe 
traverses  are  used  only  to  obtain  an  order  of  magnitude 
confirmation  of  the  jet  enthalpy.  They  cannot  yield 
extremely  accurate  measurements. 


(b)  Heat  flux  probe 


Figure  24.  Pitot  and  heat  flux  probes  in  the  plasma  jet 


(a)  measured  traverses 


(b)  non-dimensional  traverses 

Figure  25.  Heat  flux  traverses  across  the  plasma  jet  at 
position  AC1  (193  mm) 

4.2.2  Analysis  of  the  traverses  regarding  two- 
dimensional  flow  characteristics 

Only  four  traverses  were  made  in  order  to  observe 
the  effect  of  each  parameter.  The  reference  condition 
was  chosen  as  B15  (8  g/s,  250  kW,  15  hPa).  From  there, 
the  three  other  conditions  were  obtained  by  doubling 


(a)  Pitot  probe 
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the  mass  flow  (D15),  using  150  kW  power  (A15)  and 
increasing  the  pressure  to  75  hPa  (B75).  All  traverses 
have  been  done  at  193  mm  from  the  torch  exit.  Figure  25 
shows  the  results  of  the  heat  flux  probe  traverses,  in 
dimensional  (a)  and  non-dimensional  (b)  form.  In  the 
latter  case,  the  values  have  all  been  divided  by  the 
corresponding  centreline  value.  Figure  26  shows  the  same 
type  of  plot  for  the  measured  Pitot  pressure,  i.e.  the 
difference  between  Pitot  and  static  pressure. 

The  heat  flux  traverses  confirm  the  linear 
dependence  of  heat  flux  on  power:  the  A15  peak  value  has 
about  0.6  times  the  value  of  the  B15  peak,  and  the  non- 
dimensional  heat  flux  curves  of  A15  and  B15,  although 
not  superimposed,  are  closest  one  to  another.  The  same 
trend  is  found  for  the  Pitot  reading.  This  can  be 
understood  by  expressing  the  Pitot  reading  in  function  of 
the  Mach  number  (assuming  here  incompressible  flow): 

Pp,,o,~P  =  ^P  M1  (49) 

As  total  enthalpy  increases  linearly,  so  temperature  does, 
and  therefore  so  does  M2. 


(a)  dimensional  traverses 


(b)  non-dimensional  traverses 

Figure  26.  Traverses  of  Pitot  measurements  across  the  plasma 
jet  at  position  AC  1  (193  mm) 


The  effect  of  increasing  pressure  creates  a  more 
full  heat  flux  profile  and  a  more  empty  Pitot  profile. 
Increasing  the  pressure  increases  the  density,  therefore 
at  constant  mass  flow  and  power  the  velocity  drops 
accordingly.  The  jet  is  also  smaller,  which  partly 
explains  why  this  profile  is  not  similar  to  the  others. 

The  effect  of  doubling  the  mass  flow  rate  does  not 
even  double  the  Pitot  pressure,  and  more  surprisingly  it 
does  not  affect  the  heat  flux  rate  on  the  centreline.  A 
probable  explanation  for  this  closeness  of  the  results  at 
8  and  16  g/s  can  be  drafted  as  follows:  when  the  mass 
flow  increases  at  constant  power,  the  total  enthalpy 
should  decrease  accordingly.  However,  the  inductive 
heating  still  requires  a  high  temperature  close  to  the 
torch  centreline,  in  the  coupling  region.  The  relative 
constancy  of  total  enthalpy  on  the  centreline  can 
therefore  be  a  direct  result  of  this  constant  high 
temperature  in  the  torch.  Since  less  total  enthalpy  is 
globally  available,  the  heat  flux  must  be  lower  on  the 
edges  if  energy  is  to  be  conserved 

4.2.3  Corrections  applied  to  the  traverse 
measurements 

The  traverses  can  be  processed  using  the  same 
technique  as  the  one  used  to  process  the  centreline 
measurements.  This  allows  to  obtain  computed 
traverses  of  temperature,  velocity  and  total  enthalpy. 
The  integration  on  the  jet  section  of  the  mass  flow  and 
power  should  yield  values  close  to  the  mass  flow  and 
power  used  in  the  torch. 

The  process  is  not  of  extreme  quantitative  pre¬ 
cision,  however.  If  a  traverse  made  in  a  160  mm 
diameter  jet  by  a  12  mm  diameter  Pitot  can  still  be 
thought  of  as  reasonable,  it  is  certainly  not  the  case  of 
the  heat  flux  traverses.  As  said  before,  the  blockage  of 
the  probe  (50  mm  diameter)  is  such  that  the 
displacement  effect  and  the  change  in  stagnation-point 
velocity  gradient  become  considerable. 


Figure  27.  Computed  velocity  traverses  at  position  AC1 
(193  mm) 
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Figure  27  shows  the  computed  velocity  traverses  and 
figure  28  the  total  enthalpy  traverses.  The  latter  clearly 
shows  an  artefact  effect  from  the  size  of  the  heat  flux 
probe:  as  the  heat  flux  does  not  go  sufficiently  down  close 
to  the  edge  of  the  jet,  the  total  enthalpy  is  overestimated, 
even  more  so  as  velocity  drops  down. 


—  =  0.45  a  -  1.35  a3  (50) 

D 

with  8  the  correction  to  the  radial  position  of  the 
measurement  (towards  the  centre  of  the  jet),  D  the 
probe  diameter  and  a  a  parameter  based  on  the  gradient 
of  velocity  in  the  jet,  defined  as: 


Figure  28.  Computed  total  enthalpy  traverses  at  position  AC1 
(193  mm) 


The  velocity  results  show  that  the  traverse  has  not 
been  carried  out  to  the  edge  of  the  jet,  as  a  residual 
velocity  is  measured,  in  some  cases  of  hundreds  Of  meters 
per  second.  This  could  be  due  to  the  fact  that  the  jet  has 
opened  beyond  or  to  the  fact  that  the  high  heat  flux  on  the 
edge  automatically  gives  a  significant  velocity.  Both 
explanations  are  equally  valid,  as  figure  26a  shows  a 
significant  dynamic  pressure  at  the  edge  in  some  cases. 

The  traversing  mechanism  does  not  allow  to  explore 
radial  positions  below  -95  mm.  Hence,  a  possible 
correction  scheme  is  to  smoothly  extrapolate  the  readings 
to  a  reasonable  jet  edge.  Based  on  a  fair  extrapolation  of 
the  curves,  the  traverses  were  extended  to  -110  mm  in  the 
8  g/s  case  and  -120  mm  in  the  16  g/s  case  (see  figure  29a 
for  heat  flux  and  b  for  dynamic  pressure). 

It  is  also  necessary  to  apply  a  displacement  effect 
correction  to  the  measurements,  which  takes  into  account 
the  fact  that  the  flow  upstream  of  either  probe  is  non- 
uniform.  The  gradient  of  incoming  velocity  in  the  flow  has 
two  effects:  (1)  because  the  dynamic  pressure  is 
proportional  to  the  square  of  the  velocity,  its  integration 
over  the  orifice  or  sensor  does  not  yield  the  same  value  as 
the  exact  value  in  the  geometrical  centre  (this  velocity 
head  correction  is  usually  negligible  with  respect  to  the 
other  effect);  (2)  the  streamlines  in  front  of  the  Pitot  probe 
and,  to  a  greater  extent,  in  front  of  the  heat  flux  probe,  are 
deflected  towards  the  region  of  low  velocity,  causing  the 
probe  to  record  a  higher  stagnation  pressure  or  heat  flux 
than  the  one  existing  at  the  probe  location.  This  second 
effect  has  been  theoretically  studied  by  Lighthill,  who 
proposes  the  following  correction  for  a  Pitot  probe  [19]: 


(51) 


with  u  the  mean  velocity  of  the  gradient  Au.  This 
expression  was  used  to  correct  both  Pitot  and  heat  flux 
measurements. 


(a)  heat  flux  probe  reading 


(b)  Pitot  probe  reading 

Figure  29.  Extrapolated  traverses  of  Pitot  pressure  and  heat 
flux  rate 


4.2.4  Integration  of  the  traverses  and  comparison 
with  facility  settings 

It  is  possible  to  integrate  the  computed  traverses 
of  density,  velocity  and  total  enthalpy  in  order  to 
compute  the  mass  flow  rate  and  the  plasma  power  in  the 
jet,  according  to: 
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R 

m  =  2n\  p(r)  u(r)  r  dr  (52) 

^  o 

R 

P  =  2n  J  p(r)  u  (r)  H,  (r)  r  dr  (53) 

If  these  values  have  to  be  compared  to  the  mass  flow 
rate  and  power  settings  of  the  facility,  the  correction  for 
jet  entrainment  must  also  be  taken  into  account.  The 
values  of  mass  flow  have  been  corrected  using  following 
formula,  derived  by  Schlichting  [20]  for  laminar 
entrainment,  using  a  mean  value  of  viscosity: 

| ~  =  8np  (54) 

d  x 

The  entrained  mass  flow  rate  is  subtracted  from  the 
measured  mass  flow  rate  to  obtain  the  final  corrected  mass 
flow  rate.  The  entrained  power  is  also  subtracted  from  the 
measured  power,  although  the  contribution  in  this  case  is 
quite  small  as  the  surrounding  air  is  supposedly  cold. 

Results  of  the  integration  of  mass  flow  and  power 
with  and  without  taking  into  account  the  corrections  are 
summarised  in  table  4.  The  displacement  effect  causes  a 
shift  of  up  to  4.7  mm  (heat  flux  probe)  and  1 .2  mm  (Pitot 
probe)  on  the  edge  of  the  jet.  The  entrainment  mass  flow 
rate  is  of  the  order  of  0.6  g/s  in  all  cases. 

Table  4  indicates  that  the  global  mass  flow  is 
accurately  computed  in  the  8  g/s  case,  and  less  so  in  the 
16  g/s  case.  However,  the  jet  was  rather  arbitrarily 
extended  to  120  mm  radius;  if  it  is  extended  to  115  mm, 
the  corrected  mass  flow  is  then  15.49  g/s  (-3.2  %),  which 
yields  a  much  better  agreement.  It  seems  reasonable  to 
conclude,  from  this  example,  that  integration  of  the 
traverses  yield  mass  flow  values  close  to  those  used  in  the 
facility. 


facility 

uncorrected 

in 

[2/s] 

P 

[kW] 

m 

[£/s] 

error 

[%] 

P 

[kW] 

error 

[%] 

A15 

8 

90 

7.81 

-2.37 

87.61 

-2.60 

B15 

8 

150 

8.63 

7.87 

167.90 

11.93 

D15 

16 

150 

13.39 

-16.31 

147.06 

-1.96 

B75 

8 

150 

6.78 

-15.25 

167.57 

11.71 

facility 

corrected  i 

m 

_M± 

P 

[kW] 

• 

m 

[g/s] 

error 

[%] 

P 

[kW] 

error 

[%] 

A15 

8 

90 

7.89 

-1.41 

82.48 

-8.35 

B15 

8 

150 

8.04 

0.51 

156.84 

4.56 

D15 

16 

150 

17.1 

6.90 

145.58 

-2.94 

B75 

8 

150 

7.93 

-0.83 

164.75 

9.83 

Table  4.  Results  of  the  integration  of  mass  flow  and  power  using 
the  computed  traverses 


The  values  of  power  are  in  slightly  worse 
agreement,  although  they  all  lie  within  the  experimental 
uncertainty  of  the  heat  flux  probe  measurements.  These 
results  seem  to  indicate  that  the  methodology  used  here 
is  valid.  It  also  means  that  the  flow  is  not  far  from 
chemical  equilibrium  or  that  chemical  non-equilibrium 
does  not  play  a  significant  role  on  total  pressure  and 
stagnation-point  heat  flux. 

The  comparison  above  can  be  performed  on  any 
facility  and  should  be  one  of  the  first  tests  to  be 
performed  in  order  to  assess  the  overall  quality  of  the 
developed  measurement  techniques.  However,  it  can  be 
carried  out  only  if  some  knowledge  of  the  efficiency  is 
available.  Indeed,  the  power  settings  is  applied  to  the 
power  generator,  which  is  different  from  the  power  in 
the  plasma  jet  due  to  numerous  losses.  If  the  facility 
cooling  system  is  properly  instrumented,  an  indicative 
value  of  the  efficiency  can  be  deduced  from  the 
conservation  of  power.  In  the  case  of  the  Plasmatron 
facility,  we  obtained  a  global  efficiency  of  about  60% 
[6], 


5.  measurement  techniques  in 
development 

5.1  Introduction 

5.1.1  The  VKI  Minitorch 

The  VKI  inductively  coupled  plasma  "Minitorch" 
was  first  ignited  in  December  1996.  It  is  a  small  facility, 
operating  at  gas  flow  rates  of  the  order  of  1  g/s,  and 
using  a  30  mm  diameter  plasma  torch,  supplied  by  a 
high  frequency  (27.12  MHz)  vacuum  triode  oscillator 
which  delivers  up  to  15  kW  anode  power  at  anode 
voltage  up  to  6  kV  (figure  30). 

The  Minitorch  was  designed  as  a  pilot  facility 
during  the  design  and  construction  at  VKI  of  the  bigger 
and  more  powerful  1.2  MW  Plasmatron.  Changes  in 
torch  geometry  and  operating  conditions  can  very  easily 
be  made  to  study  the  effect  of  the  various  torch 
parameters  and  gain  experience  in  ICP  torch  operation. 
This  plasma  facility  is  also  used  as  a  test  bench  to  test 
and  validate  the  measurement  techniques  and  methods, 
before  their  implementation  on  the  plasmatron. 


5.1.2  Measurement  developments 

The  latest  measurement  technique  implemented  in 
the  Minitorch  is  the  Laser  Doppler  Velocimetry  (LDV). 
This  technique  is  non-intrusive  and  provides  accurate 
detailed  measurements  of  the  flow  field  of  the  plasma 
jet.  It  is  not  the  aim  of  this  note  to  present  in  details  the 
principles  of  the  LDV  technique,  but  to  show  its 
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adaptation  for  plasma  flow  characterisation.  Briefly,  it 
consists  in  measuring  the  plasma  flow  velocity  by 
recording  the  scattered  signal  of  a  seeding  particle  passing 
trough  the  interference  region  of  two  coherent  laser  beams 
(figure  31). 


Figure  30.  The  minitorch  facility 


5.2  LDV  measurements 

5.2.1  Introduction 

The  classical  set-up  for  LDV  measurements,  which 
is  used  with  forward  scattering,  is  shown  in  figure  32.  It 
contains  a  laser,  a  beam  splitter,  lenses,  filter,  photo¬ 
multiplier,  particle  generator  and  an  electronic  device.  In  a 
severe  environment  like  a  plasma  flow,  preliminary 
studies  on  the  optical  device  used  and  on  the  behaviour  of 
the  chosen  particles  are  needed  in  order  to  define  good 
conditions  for  such  measurements. 


Figure  32.  Classical  LDV  set-up 

5.2.2  Optics 

The  plasma  discharge  is  a  very  bright  source 
which  emits  on  a  large  wavelength  spectrum.  One  has  to 
check  if  the  wavelengths  of  the  laser  beam  used  for  the 
measurement  are  not  corresponding  with  a  peak  of  the 
plasma  spectrum.  When  working  with  an  air  plasma,  we 
can  avoid  overlaps  of  the  LDV  signal  by  using  an  argon 
laser  (figure  33).  Nevertheless  one  has  to  use  an 
interference  filter  because  the  plasma  is  an  intense 
source  of  light  and  leads  to  a  saturation  of  the  photo¬ 
multiplier. 
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Figure  33.  Air  plasma  wavelength  spectrum 
(4800  <  A  <  5200  A) 


The  filter  allows  to  reduce  the  perturbation  due  to 
the  thermal  emission  of  the  particle  heated  in  the  high 
enthalpy  flow  which  can  lead  to  noisy  signals.  Another 
problem  concerns  the  presence  of  temperature  gradients 
which  can  introduce  variations  of  the  refraction  index 
and  disturb  the  interference  pattern  in  the  probing 
volume.  From  experiments  with  Schlieren  photography 
in  plasma  jets  at  low  pressure  [21]  and  from  literature 
about  LDV  measurements  in  hot  gases  [22],  one  can 
consider  this  effect  as  negligible  in  general  cases.  On 
the  other  hand  one  has  to  worry  about  the  optical 
accessibility  of  the  plasma  flow  to  realise  a  good  optical 
alignment. 


5.2.3  Seeding 

The  seeding  conditions  in  plasma  flows  are  one  of  the 
worst  that  can  be  encountered  as  they  consist  in  a  gas  at 
high  temperature  under  low  pressure.  The  particle 
generator  must  allow  to  work  in  such  conditions. 
Previous  experiments  in  combustion  [23]  and  in  argon 
plasma  [24]  can  guide  us  to  choose  a  convenient 
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apparatus.  The  solid  particles  are  the  most  adapted  ones, 
but  their  polydisperse  nature  appears  to  be  a  problem. 
Filters  or  special  selection  in  or  before  the  particle 
generator  are  usually  needed.  The  cyclone  aerosol 
generator  seems  to  be  a  good  candidate  since  it  is  a  simple 
device.  It  has  already  been  used  successfully  for  A1203 
particles  to  seed  flames  [25],  Other  more  sophisticated 
particle  generators  can  be  used  for  specific  applications 
[23].  It  has  to  be  noticed  that  seeding  problems  can  appear 
before  reaching  the  plasma  discharge.  Actually,  during  the 
process  of  particle  transport  in  pipes,  the  seeding  can 
decrease  drastically  because  of  particle  deposition  on  the 
tube  wall.  The  powder  has  to  be  in  good  condition  to  be 
injected  in  the  flow.  Possible  electrostatic  charge  or 
humidity  have  to  be  removed. 

5.2.4  Particles  behaviour 

It  is  out  of  the  scope  of  this  report  to  study  in  detail 
the  behaviour  of  particles  in  a  high  enthalpy  flow.  We  just 
want  to  indicate  the  relevant  parameters  that  have  to  be 
checked  to  be  in  good  conditions  for  LDV  measurements. 
The  particles  are  exposed  to  a  low-density  fluid  with  high 
temperature.  They  have  to  be  small  enough  to  follow  the 
fluid,  but  big  enough  to  resist  to  the  strong  heat  transfer  at 
which  they  are  exposed.  The  motion  of  the  particles  and 
their  thermal  resistance  have  to  be  inspected. 

The  ability  of  a  particle  to  follow  the  flow  depends 
on  its  shape,  size,  relative  density  with  respect  to  the 
density  of  the  fluid  and  particle  concentration.  An  easy 
way  of  characterising  particle  dynamics  effects  is  to 
examine  the  Stokes  number: 


(57) 

7,- 

Others  authors  take  into  account  a  "heating 
number"  Sp  to  select  the  particle  to  be  used.  It 
represents  the  ratio  between  the  heat  which  is  contained 
per  unit  volume  of  the  particle  at  its  melting  point  and 
its  density  [28].  From  the  literature,  alumina  (A1203), 
zirconium  oxide  (Zr02)  and  porous  zirconium  oxide 
(Zr02’)  appear  to  be  adapted  for  LDV  measurements  in 
high  enthalpy  flows  [28],  [29].  Zr02’  presents  the 
advantage  to  be  lighter  with  a  good  thermal  resistance. 
As  an  example,  the  Stokes  number  and  life  duration 
number  for  A1203,  Zr02  and  Zr02’  are  calculated  for 
typical  plasma  conditions  (7  =  6000  K,  m  =  0.5  g/s)  on 
figures  34  and  35. 


d(prri) 


Figure  34.  Stokes  number  of  particles  in  a  plasma  flow 


St= i  (55) 

Tf 

where  tp  is  the  characteristic  particle  response  time  and  rf 
is  the  time  scale  of  the  flow  variations.  For  St «  1,  the 
particles  will  effectively  follow  the  fluid  motions  to  be 
measured.  zf  is  evaluated  as  the  diameter  of  the  torch  over 
the  mean  velocity  of  the  flow  for  the  working  condition  of 
the  torch.  The  particle  time  rp  is  defined  by  [26]: 


(56) 


d(pm) 


In  order  to  check  the  particles  ability  to  support  the 
heating  from  the  plasma  flow  during  their  flight  we  have 
to  estimate  their  total  evaporation  time.  The  complete 
solution  of  the  evaporation  of  a  material  in  a  plasma 
discharge  has  been  already  examined  [27].  This  unsteady 
problem  is  not  trivial  and  takes  into  account  many  effects 
of  heat  and  mass  transfer  phenomena.  A  rough  calculation 
of  this  consumption  time  tc  can  be  considered  assuming  a 
pure  heat  transfer  conduction  to  the  particle  [21],  A  non- 
dimensional  life  duration  number  can  be  defined  as  the 
ratio  between  the  consumption  time  and  the  time  of  flight 
of  the  particle  in  the  discharge  (rr): 


Figure  35.  Non-dimensional  life  duration  of  a  particle  in  a 
plasma  flow 

A  remark  has  to  be  done  for  seeding  realised  with 
metallic  powders.  When  the  static  pressure  increases  in 
the  test  chamber,  the  time  residence  of  the  powder 
become  larger  and  the  evaporation  rate  increases.  The 
presence  of  the  metallic  vapour  in  the  coil  region 
significantly  changes  the  electrical  properties  of  the 
discharge.  This  change  of  impedance  leads  to  electrical 
instabilities  and  it  becomes  difficult  to  control  the 
power  transferred  to  the  plasma  charge.  Moreover,  we 
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have  to  mention  that  thermophoresis  forces  can  be  notable 
because  of  temperature  gradient  [24], 

5.2.5  Signal  processing 

Once  the  optical  adjustment  and  a  good  seeding 
have  been  achieved,  the  signal  from  the  particle  scattering 
must  be  processed  to  get  the  flow  velocity.  This  signal  is 
then  firstly  collected  in  a  pinhole  through  an  objective  and 
guided  by  an  optic  fibre  to  a  photo-multiplier.  The 
electrical  signal  is  filtered  and  analysed  in  the  signal 
processor  device.  Its  role  is  to  select  the  valid  signal 
which  contains  relevant  information  to  deduce  the  flow 
velocity.  The  main  parameter  to  measure  is  the  signal 
frequency  (f Doppler )  since  the  particle  velocity  (V)  is  given 
by: 

V=fDoppler  i  (58) 

where  i  is  the  fringe  spacing. 

In  many  cases  the  signal  to  measure,  usually  called 
"Doppler  burst”,  can  easily  be  affected  by  several  sources 
of  disturbances.  A  faraday  cage  has  to  be  placed  around 
the  ICP  torch  to  limit  its  electromagnetic  radiation  to  the 
surroundings.  The  alteration  of  the  signal  can  also  be 
caused  by  a  slight  misalignment  in  the  laser  beam  cross 
section  or  by  a  bad  intensity  balance  between  the  beams. 
These  problems  can  be  checked  by  the  operator.  The 
disturbance  coming  from  the  particles  are  more  difficult  to 
control.  Actually  the  dispersion  in  particle  diameter  can 
lead  to  big  differences  in  light  scattering.  The  thermal 
emission  of  the  particles,  heated  in  the  high  enthalpy  flow, 
can  induce  noisy  signals.  Moreover  the  particles  which 
cross  the  control  volume  partially  or  in  a  bad  way  have  to 
be  removed  in  order  to  process  a  correct  value  for  the 
velocity.  Since  we  measure  relatively  high  velocities,  few 
light  is  scattered  and  the  voltage  of  the  photomultiplier  has 
to  be  increased.  This  amplifies  the  noise  level  as  well. 
Figure  36  shows  typical  non-filtered  and  filtered  signals 
from  Si02  particles  in  the  plasma  jet  of  the  Minitorch 
facility. 

5.2.6  Experiments 

The  measurements  have  been  done  for  two  static 
pressures  in  the  test  chamber  and  two  average  total 
enthalpies  of  the  jet.  This  represents  four  working 
conditions  for  the  ICP  torch  reported  in  table  5.  Let  us 
remember  that  the  average  total  enthalpy  is  defined  by  the 
ratio  between  the  electrical  power  transfer  to  the  discharge 
(Pw)  and  the  mass  flow  ( m  ). 

AH  =  &  (59) 

m 

The  torch  works  with  a  straight  annular  injection. 
The  axisymmetry  of  the  configuration  has  been  checked 
with  a  flow  visualisation  technique  in  cold  condition  [30]. 


Test 

case 

Mass  flow 

Average  total 
enthalpy 

Pressure 

Cl 

0.55  g/s 

3.2  MJ/kg 

50  mbar 

C2 

1.0  g/s 

1.8  MJ/kg 

50  mbar 

C3 

0.55  g/s 

3.2  MJ/kg 

200  mbar 

C4 

1.0  g/s 

1.8  MJ/kg 

200  mbar 

Table  5  Working  conditions  considered  in  the  Minitorch 


(a)  Non-fdtered  signals 


(b)  Filtered  signals 
Figure  36  Typical  Doppler  signals 


The  LDV  measurements  have  been  implemented 
in  the  plasma  jet,  20  mm  downstream  of  the  torch  exit. 
They  are  taken  along  the  radius  since  the  axisymmetry 
of  the  jet  has  been  checked.  All  the  optical  set-up  of  the 
LDV  system  is  fixed  to  a  table  that  can  move  in  the 
three  directions.  In  our  case,  the  intersection  of  the  laser 
beams  is  located  on  the  axis  of  the  jet  (figure  37).  This 
location  is  taken  as  marking  the  reference  plane  and  the 
traverses  are  performed  across  the  jet  in  that  plane.  The 
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position  of  the  table  is  checked  by  a  ruler  which  has  an 
accuracy  of  half  a  millimetre  for  each  displacement. 


Figure  37.  Crossing  laser  beams  in  the  plasma  jet 


{la3injet200iTbr 
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Figure  38.  Velocity  profiles  of  the  plasma  jet,  cases  C3  &  C4 


At  each  step  the  Doppler  signals  are  measured  with 
an  oscilloscope.  The  band-pass  filter  is  chosen  and  we 
control  the  data  rate  and  the  validation  rate.  A  measu¬ 
rement  corresponds  to  a  recording  of  one  thousand  valid 
signals.  The  velocity  profiles  of  the  plasma  jet  are  shown 
in  figures  38  and  39.  The  seeding  of  the  plasma  was 
performed  at  200  mbar  with  particles  of  silica,  less  than 
1  pm  in  diameter,  and  at  50  mbar,  with  particles  of 
aluminium  with  a  diameter  of  5  to  10  (am. 


of  the  coupling  between  the  temperature  and  the 
velocity  profiles  in  the  plasma  jet,  the  maximum 
velocity  is  decreasing  when  increasing  the  mass  flow 
rate.  For  the  higher-pressure  ranges  the  velocity 
gradient  at  the  border  of  the  jet  is  larger  than  for  the 
lower  pressure  cases.  This  is  coherent  with  the  visual 
inspection  of  the  jet  which  appears  more  open  at  higher 
pressure.  This  corresponds  to  a  more  extended  mixing 
layer. 


piasrmjet  50ntar 


r(im) 


055 gk 
-*-  log's 


Figure  39  .  Velocity  profiles  of  the  plasma  jet,  cases  Cl  &  C2 


5.3  Final  remarks 

As  a  non-intrusive  and  space-resolved  technique, 
LDV  measurements  bring  detailed  information  about 
the  plasma  flow.  The  implementation  can  be  realised 
with  a  classical  set-up  using  adapted  interference  filters. 
Nevertheless  the  seeding  appears  as  the  most  important 
problem  and  has  to  be  carefully  examined  to  achieve 
accurate  measurements.  It  can  lead  to  some  limitations 
because  of  the  agglomeration  and  sedimentation  of  the 
particles  to  the  tube  wall.  Particle  evaporation  in  the 
coil  region  can  induce  plasma  instabilities  which 
drastically  disturb  the  flow  field.  Once  these  problems 
are  solved  by  selecting  an  appropriated  seeding  particle, 
LDV  measurements  provide  precise  results  to  assess  the 
accuracy  of  more  global  high  enthalpy  measurement 
techniques,  such  as  presented  earlier  in  this  review. 


The  trends  of  the  velocity  profile  for  the  two  ranges 
of  pressure  are  similar.  The  differences  between  the 
curves  are  more  pronounced  at  higher  pressure.  As  a  result 
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ABSTRACT 


The  theory  of  absorption  techniques,  including  line 
broadening  and  shifts,  along  with  a  brief 
description  of  the  spectroscopy  of  the  seed  species 
Rb,  will  be  given.  A  brief  overview  of  the  diode 
laser  itself  and  the  experimental  setup  for  the 
technique  follow.  Results  are  split  into  two  parts: 
preparatory  and  calibration  work  in  a  test  cell  and 
a  small  test  shock  tube,  followed  by  results  in 
HEG,  are  presented.  Here  time  profiles  for  gas 
temperature  T^ms  and  velocity  u  are  given  for 
various  HEG  run  conditions. 


1.  INTRODUCTION 

As  in  any  wind  tunnel,  the  free  stream  flow  in  the 
High  Enthalpy  Shock  Tunnel  HEG  of  the  DLR  in 
Gottingen  needs  to  be  characterised  (i.e. 
calibrated)  properly  in  order  to  carry  out 
measurements  on  small  test  models.  Standard 
techniques  are  bulk  techniques,  whereby  pressures 
(Pitot  or  static)  and  stagnation  point  heat  transfer 
rates  are  measured  at  various  radial  and  axial 
positions  after  the  nozzle  exit,  to  be  then  compared 
with  CFD  results  from  which  other  flow 
propereties  can  be  calculated.  However,  this 
represents  experimentally  a  very  limited  data  set 
with  which  to  validate  the  CFD  codes  - 
measurement  of  other  physical  properties  such  as 
gas  temperatures  (either  inner  or  translational 
T,rans),  velocities  u  and  species  concentrations  are 
hence  highly  desirable.  For  example,  a 
measurement  of  u  is  the  best  way  to  determine 
whether  the  enthalpy  of  the  gas  is  as  high  as 
expected  and  calculated  from  shock  speed  and/or 
CFD  of  the  nozzle  flow.  Spectroscopic  techniques 
such  as  LIF  and  CARS  can  deliver  rotational  Trot 


and  vibrational  Tvib  temperatures,  and  in  some 
cases  also  species  concentrations.  (For  the  former, 
one  usually  assumes  that  Trot  =  T^s-)  They  can’t 
measure  T^s  or  in  most  cases  u. 

The  aim  of  this  lecture  is  to  present  the  diode  laser 
absorption  technique,  which  can  deliver  T^s,  u 
and,  depending  on  the  probed  species,  also 
concentration  by  a  measurement  of  line 
broadening,  line  shift  and  line  area,  respectively. 
As  used  on  HEG,  a  seed  species  rubidium  Rb  was 
introduced  into  the  test  flow  in  minute 
concentrations,  thereby  not  itself  influencing  the 
flow  properties  in  any  way.  Another  naturally 
occurring  species  in  HEG,  NO,  has  also  been 
probed  using  this  technique  (Ref.  1),  only  in  that 
case  measurements  were  performed  in  the  IR, 
whereas  the  Rb  work  was  carried  out  in  the  visible. 
The  technique  has  one  drawback,  however, 
compared  with  LIF  or  CARS;  it  is  a  line-of-sight 
technique,  meaning  that  the  signal  is  integrated 
over  the  pathlength  of  the  laser  beam  through  the 
test  region.  As  will  be  shown,  in  the  case  of  HEG, 
the  free  stream  flow  is  assumed  to  be 
homogeneous  in  a  radial  direction,  so  that  this 
drawback  is  not  severe.  The  technique  in  its 
present  form  has,  therefore,  limited  applicability  to 
flows  where  property  gradients  are  large  relative  to 
the  laser  beam  path  length  (e.g.  around  a  test 
model). 

The  theory  of  absorption  techniques,  including  line 
broadening  and  shifts,  along  with  a  brief 
description  of  the  spectroscopy  of  the  seed  species 
Rb,  will  be  given.  A  brief  overview  of  the  diode 
laser  itself  and  the  experimental  setup  for  the 
technique  follow.  Results  are  split  into  two  parts: 
preparatory  and  calibration  work  in  a  test  cell  and 
a  small  test  shock  tube,  followed  by  results  in 
HEG,  are  presented.  Here  time  profiles  for  gas 
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temperature  Ttrans  and  velocity  u  are  given  for 
various  HEG  run  conditions. 


2.  THEORY 


2.1  Absorption  spectroscopy 

The  transmission  T(  V  )  of  light  (wavenumber  V  ) 

through  an  absorbing  medium  is  given  by  the 
Beer-Lambert  law  (see  Ref.  2,  and  references 
therein): 


T(y)  = 


/(v) 

h 


-!k(v)dv 

C  5 


where  /(v)  and  I0  are  the  light  intensity  after 
and  before  entering  the  absorbing  medium, 
respectively,  and  k(v)  is  the  spectral  absorption 
coefficient.  This  coefficient  can  be  written  as: 

k{v)  =  h  .  v  .  ni  .  —  .  ^\-e~hvlkT  j  .  O(v) 

where  h  is  Planck’s  constant,  n,  the  population 
density  in  the  lower  energy  level  i,  Bik  the  Einstein 
coefficient  for  transition  from  level  i  to  k,  c  speed 
of  light,  k  Boltzmann’s  constant,  T  the  temperature 
and  O(v)  the  line  shape  function.  This  function 
is  the  key  to  the  absorption  technique;  a 
knowledge  of  its  shape,  broadening  mechanisms 
and  shift  in  wavelength  will  be  used  to  deliver  the 
temperature  and  velocity  of  the  gas. 

2.2  Line  broadening 

Four  mechanisms  leading  to  broadening  of 
absorption  will  be  discussed: 

1.  Natural  linewidth.  Although  one  may  expect 
that  the  absorption  line  width  for  the  transition 
from  level  i  to  k,  occurring  at  V0,  is  infinitely 
narrow,  this  is  not  possible  since  it  would  violate 
the  Heisenberg  Uncertainty  Principle,  one  form  of 
which  relates  the  energy  uncertainty  AEk  to  the 
lifetime  tk  of  the  upper  excited  state  k  by  AEk-tk  > 
h  /  2n .  For  example,  for  the  lifetime  xk  =  10  ns  of 
the  upper  state  of  the  Rb  D2  transition  (52Si/2  -> 
52P3/2,  see  chapter  2.4  and  Fig.  1),  the  natural  line 
broadening  of  the  Rb  absorption  line  is  only  0.5  x 
10"3  cm'1.  Natural  line  broadening  is  represented 
by  a  Lorentzian  line  shape. 


2.  Pressure  broadening.  Also  called  collisional 
broadening,  this  is  brought  about  by  perturbations 
of  the  quantum  energy  states  involved  in  the 
transition  due  to  collisions,  leading  to  a  smearing 
of  the  energy  levels  and  therefore  a  broadening  of 
the  lines.  It  usually  only  plays  a  role  at  high 
pressures,  and  is  not  important  at  HEG  free  stream 
pressures  of  about  500  Pa.  (For  comparison,  the  D2 
line  of  sodium,  which  is  in  the  same  column  of  the 
Periodic  Table  as  Rb  and  therefore  has  similar 
spectroscopic  properties,  would  experience  a  line 
broadening  at  HEG  conditions  of  only  lxlO'3  cm'1. 

3.  Doppler  broadening.  This  is  the  major 
broadening  mechanism  in  the  HEG  free  stream, 
and  is  what  is  used  to  determine  the  translational 
temperature  Ttrans  of  the  gas.  It  arises  from  the 
movement  of  the  absorbing  species  in  directions 
towards  and  away  from  the  direction  of  the  laser 
beam,  leading  to  small  Doppler  shifts  which 
manifest  themselves  as  line  broadening.  For  Rb  at 
HEG  conditions  (Ttrans  =  1000  K),  the  broadening 
amounts  to  about  30  x  10'3  cm'1,  and  so  has  about 
30  times  more  influence  than  pressure  broadening. 
Doppler  broadening  is  represented  by  a  Gaussian 
line  shape. 

4.  Stark  broadening.  This  mechanism  is  very 
important  in  ionised  flows  or  plasmas,  where 
electron  concentrations  are  quite  high.  As  in 
pressure  broadening,  a  perturbation  of  the  energy 
levels  arises  from  species-electron  collisions,  only 
for  these  types  of  collisions  their  cross  sections  are 
much  larger.  Electron  concentrations  in  HEG  are 
unkown;  CFD  calculations  of  the  nozzle  flow 
predict  very  low  values,  so  that,  if  correct,  this 
mechanism  should  not  play  a  major  role  here. 

Doppler  broadening  leads  to  a  Gaussian  line  shape 
gD  (V ) ,  whose  FWHM  (full  width  at  half 
maximum  height)  line  width  SvD  is  a  function  of 
the  temperature  T  of  the  excited  atom: 


gD(y)  =  exP 


—  4  •  In  2  • 


(V  ~  Vq)2 
(Svj,)2 


2  •  J2-R-ln2 
SvD  =—* - 


R  is  the  universal  gas  constant,  M  the  atomic 
weight,  other  symbols  as  before.  In  the  above 
equation,  one  can  see  that,  apart  from  some 
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constants  or  quantities,  SvD  is  a  function  only  of 
Vt.  Hence,  by  measuring  SvD ,  one  can  determine 
the  temperature,  albeit  not  very  accurately  due  to 
the  square  root  dependence.  It  should  be  noted  that 
this  is  measurement  of  a  translational  temperature, 
and  as  such  is  independent  of  the  population  of  the 
atomic  energy  levels,  and  is  not  plagued  by 
quenching  problems  (as  in  LIF). 

In  fitting  experimentally  determined  line  shapes  to 
theoretical  profiles,  one  usually  uses  a  Voigt 
profile,  which  is  a  composite  of  the  Gaussian 
profile  from  Doppler  broadening  and  the  Lorentz 
profile  from  natural  broadening.  However,  since 
the  Doppler  broadening  is  some  30  times  stronger 
than  natural  broadening  (see  before),  in  HEG  free 
stream  flows  it  is  sufficient  to  use  just  the 
Gaussian  form,  as  given  in  the  above  equations. 

2.3  Line  shifts 

Whereas  line  broadening  delivers  information  on 
temperature,  a  shift  in  the  line  position  (in 
wavelength  or  wavenumber)  due  to  the  Doppler 
effect  can  give  the  relative  velocity  between  the 
moving  atom  and  the  laser  beam.  This  Doppler 
shift  is  a  direct  linear  function  of  the  velocity  u  of 
the  atoms  and  the  angle  0  between  atom  velocity 
vector  and  laser  beam  direction: 


Av  line  =  v0  •  -c  •  cos  (0). 

For  the  D2  line  of  Rb,  and  taking  the  range  of  HEG 
free  stream  velocities  (-4300  -  6200  m  s  1),  quite 
large  line  shifts  of  about  0.11-0.16  cm'1  would  be 
expected.  This  makes  the  velocity  determination 
much  more  accurate  than  that  for  temperature, 
since  these  large  shifts  can  be  measured  quite 
accurately. 

2.4  The  rubidium  atom  Rb 

Rb  posseses  two  naturally  occurrring  isotopes, 
85Rb  and  87Rb,  with  relative  proportions  of  72% 
and  28%,  respectively.  Both  contribute  to  the 
absorption  and  so  they  must  both  be  considered  in 
calculating  line  shapes.  As  with  all  alkali  metals, 
Rb  possesses  a  very  strong  resonant  transition 
where  an  electron  is  promoted  from  an  s  to  a  p 
orbital.  This  single  electron  in  the  5s  orbital  leads 
to  a  ground  state  symbol  52Si/2.  The  next  level,  an 
electron  in  a  5p  orbital  leads  to  the  state  5  P3/2. 


Both  of  these  levels  are  further  split  due  to 
spin/orbit  interactions  into  hyperfine  structure 
levels,  designated  by  a  quantum  number  F.  This 
hyperfine  splitting  is  quite  large  for  the  52Si/2 
ground  state  -  0.1007  cm1  for  85Rb  and 
0.2262  cm'1  for  87Rb  -  whereas  for  the  excited  state 
52P3/2  it  is  only  0.0072  cm'1  for  85Rb  and  0.0166 
cm'1  for  87Rb.  Fig.  1  shows  on  the  left  a  term 
energy  level  diagram  for  Rb,  with  the  strong  D2 
transition  at  780.2  nm  indicated.  To  the  right  the 
sublevel  structure  of  both  Rb  isotopes  is  shown. 


Absorption  spectroscopy  of  the  rubidium  atom 
and  Doppler  line  broadening _ 


Sublevel  structure  of  “Rb  and  “Rb 
for  the  ground  and  excited 
states  for  the  D2-line 

?  AE 

+0.006  cm'1 


AE 

+0.0034  cm' - 4 


+0.0420  crn’i 
43.0587  cm'1- 


l7Rb 


-0,0024  cm'’  I52  pi 
-0.0079  cm'’  I  Ml 
-0.0101  cm'1 


+0.0848  cm'' 


5*  S, 


--0.1414  cm'1 

Rb 


Fig.  1  Energy  level  diagram  and  calculated 
spectra  for  Rb 

With  the  Doppler  broadening  to  be  expected  here, 
transitions  from  lower  states  to  the  upper  states  F 
=  0-4  cannot  be  resolved;  however,  transitions 
from  each  of  the  lower  states  F  =  2,  3  (87Rb)  and  F 
=  1,2  (85Rb)  can,  so  that  in  all  four  absorption  lines 
will  be  measured  (see  calculated  spectra  in  Fig.  1). 

The  effect  of  Doppler  broadening  on  the  naturally 
broadened  lines  can  be  seen  in  Fig.  1,  lower  traces. 
In  both  traces  the  naturally  broadened  lines  have 
been  calculated  and  are  shown  in  grey;  they  are 
designated  by  the  hyperfine  level  quantum  number 
F  from  the  lower  energy  level  for  both  isotopes. 
The  left  plot  shows  also  calculated  Doppler- 
broadened  lines  at  312  K;  one  can  see  immediately 
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that  the  hyperfine  structure  due  the  levels  F  in  the 
upper  state  merge  together,  even  at  this  “low“ 
temperature.  For  higher  temperatures,  1500,  2500 
and  3500  K,  shown  right,  eventually  even  these 
four  lines  merge  into  one.  It  is  clear  with  this 
example  that  this  method  of  temperature 
determination  becomes  quite  inaccurate  at  higher 
temperatures,  or  at  the  very  least  requires 
experimental  data  of  high  quality  (low  S/N). 

This  broadening  as  a  function  of  temperature  is 
further  exemplified  in  Fig.  2.  Here  calculated 
spectra  are  shown  for  temperatures  above  3000  K 
(3000  -  5000  K)  and  in  the  range  of  expected 
temperatures  for  HEG  free  stream  flows  (700  - 
1300  K).  Above  3000  K  the  method  is  virtually 
useless!  In  the  range  700  -  1300  K  the  situation  is 
quite  good  -  it  will  be  shown  later  that  here 
temperature  measurements  can  be  carried  out  with 
a  (conservative)  accuracy  of  better  than  ±20%. 


wavenumber  [1/cm] 


Fig.  2  Calculated  Rb  spectra  (a)  700  -  1300  K; 
(b)  3000  -  5000  K 


3.  EXPERIMENTAL  TOOLS 


3.1  The  diode  laser 

The  GaAlAs  semi-conductor  diode  lasers  used 
here  are  of  type  EH-IV  (elements  of  periodic 
columns  HI  and  IV)  and  emit  in  the  range  720  - 
895  nm.  In  CW  (continuous  wave)  operation  they 
emit  a  single  longitudinal  mode,  so  that,  since  their 
geometry  is  very  small,  they  have  a  very  narrow 
bandwidth  (~3  x  10"3  cm"1).  The  wavelength  of  the 
emitted  light  is  dependent  on  the  temperature  and 
injection  current  for  the  diode,  although  not  in  a 
continuous  way,  but  rather  step-wise,  see  Fig.  3. 


Fig.  3  Dependence  of  laser  diode  wavelength  on 
temperature  and  current 

In  Fig.  3  the  wavelength  (in  nm)  of  the  emitted 
light  is  plotted  as  a  function  of  (a)  temperature 
(from  275  to  305  K)  at  constant  current,  and  (b) 
injection  current  (from  45  to  70  mA)  at  constant 
temperature  for  Sharp  LT021  laser  diodes. 
Wavelength  is  tunable  continuously  over  a  single 
step  over  a  range  of  0.05  to  0.5  nm,  depending  on 
laser  type;  this  is  wide  enough  to  encompass 
completely  the  Rb  absorption  lines  discussed  in 
chapter  2.4.  In  doing  this  it  is  important  to  be  not 
too  close  to  the  edge  of  one  of  the  steps  shown  in 
Fig.- 3,  otherwise  the  laser  may  hop  from  one  mode 
(step)  to  another.  This  can  be  seen  in  Fig.  4,  where 
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measured  intensity  of  a  ROHM  RLD-78NP  laser 
diode  is  plotted  against  wavelength  for  a  constant 
temperature  of  15°C  and  for  injection  currents 
between  45.85  and  45.90  mA  (in  steps  of  0.01 
mA).  The  bandwidth  of  the  measured  emission  is 
not  that  of  the  laser  diode,  but  rather  due  to  the 
resolving  power  of  the  spectrometer  used  in  the 
measurement. 


T  =  15°C  =  constant 


wavelength  [nm] 

Fig.  4  Laser  diode  output  at  different  injection 
currents,  showing  mode  hopping 

The  figure  shows  that  at  currents  of  45.87  and 
45.88  mA  mode  hopping  must  be  occurring,  so 
that  with  the  combination  of  this  temperature  and 
these  currents,  the  laser  diode  is  not  suitable  for 
scanning  work. 

Operating  conditions  which  are  suitable  for  Rb 
absorption  work  are  shown  in  Fig.  5.  At  a  constant 
temperature  of  281.90  K,  a  plot  of  emitted 
wavelength  against  injection  current  is  shown. 
Also  included  in  the  figure  is  the  wavelength 
region  (narrow  grey  region)  where  the  four  Rb 
absorption  lines  occur.  The  laser  diode  mode 
between  37  and  42  mA  nicely  encompasses  the  Rb 
absorption  lines,  so  that  here  there  is  no  danger  of 
mode  hopping  occurring. 


Fig.  5  Single  ramp  of  laser  diode  output, 
compared  with  Rb  absorption  region 

The  measurement  shown  in  Fig.  5  was  carried  out 
by  varying  the  current  step-wise  and  recording  the 
wavelength.  It  is  also  possible  to  vary  this  current 
very  rapidly  -  the  laser  diode  can  respond  equally 
rapidly  up  to  100  kHz.  If  the  injection  current  is 
modulated  as  a  sawtooth  or  triangular  function, 
then  the  laser  will  also  follow  this  modulation  in 
both  wavelength  and  intensity  of  emission.  This  is 
done  here  in  measurements  on  HEG,  so  that  during 
the  available  flow  test  time  a  multitude  of  ramps 
from  the  triangular-modulated  current  provide  as 
many  absorption  spectra,  which  can  each  be 
analysed  to  give  the  time  dependence  of  the  flow 
development.  (See  Ref.  2) 

3.2  The  rubidium  calibration  cell 

A  reference  cell  is  needed  to  calibrate  the 
wavelength  of  the  laser  diode  using  the  accurately 
known  absorption  lines  of  Rb.  This  cell  is  made  of 
glass,  having  a  length  of  8  cm  and  a  diameter  of 
1.5  cm,  and  is  sealed  at  both  ends  with  planar- 
parallel  windows.  It  is  filled  with  5  g  of  high 
purity  Rb  und  a  protective  atmosphere  of  argon. 
The  cell  can  be  heated  up  to  temperatures  of  370 
K.  Rb  metal  melts  at  312  K  and  has  an  equilibrium 
vapour  pressure  and  concentration  at  this 
temperature  of  ~8  x  10’5  Pa  and  -1.5  x  1010  cm3, 
respectively.  An  absorption  spectrum  of  Rb  at  273 
K  recorded  with  a  laser  diode  is  shown  in  Fig.  6. 
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are  recorded  by  two  photodiodes.  (The 
interferometer  provides  a  wavelength  calibration 
over  the  laser  diode  scanning  range,  i.e.  one  ramp 
of  the  triangular  modulation.)  The  main  part  of  the 
beam  passes  through  the  shock  tube  test  section, 
where  it  also  is  recorded  by  a  photodiode.  All 
photodiode  outputs  are  stored  in  a  transient 
recorder. 


3.4  The  high  enthalpy  shock  tunnel  HEG 


Fig. 6  Measured  absorption  spectrum  of  Rb 
using  a  laser  diode 

3.3  The  test  shock  tube 

Development  of  the  seeding  technique,  recording 
of  emission  spectra  and  testing  of  the  set-up  for 
recording  absorption  spectra  were  all  carried  out  in 
a  small  test  shock  tube.  This  consists  of  1.37  m 
driver  (0  21.9  cm)and  3.13  m  driven  (0  6  cm)  tubes 
separated  by  a  plastic  diaphragm.  Driver  gas  was 
helium  at  810  kfa,  test  gas  air  or  N2.  A  small  test 
section  (length  13.3  cm)  at  the  end  of  the  driven 
(shock)  tube  contains  windows  for  emission  and 
absorption  work  and  pressure  sensors. 
Temperatures  here  of  up  to  3000  K  were  attained. 


function 

S^222t0r  collimation  lens 

temperature  tliode 
controller 


Kulite  pressure 
seijsor 


Fig.  7  Diode  laser  absorption  setup  on  the  small 
test  tube 


The  HEG  is  a  free-piston  driven  shock  tunnel 
operating  in  the  reflected  shock  mode.  It  has  been 
described  in  greater  detail  elsewhere  (ref.  3).  As 
shown  in  Fig.  8,  a  reflected  shock  creates  high 
temperature  and  pressure  conditions  in  the 
reservoir  (before  the  nozzle  entrance),  after  which 
the  test  gas  expands  through  the  nozzle  to  deliver 
the  free  stream  conditions  in  the  test  section.  The 
test  time  is  about  1  ms.  Also  shown  in  Fig.  8  are 
nominal  conditions  which  have  been  calculated 
using  a  non-equilibrium  Euler  code  for  the  free 
stream  and  the  reservoir  -  these  conditions  apply  to 
the  old  contoured  nozzle  in  HEG,  with  which  most 
of  the  testing  was  carried  out.  Conditions  I  and  EH 
are  low  pressure,  with  high  and  low  specific 
enthalpy,  respectively,  and  II  and  IV  are  high 
pressure,  also  with  respectively  high  and  low 
enthalpies.  Free  stream  temperatures  are  calculated 
to  lie  between  about  500  and  1100  K  and  flow 
velocities  between  4800  and  6200  m  s'1. 


HEG  setup  and  experimental  conditions 
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The  experimental  set-up  at  the  test  shock  tube  is 
shown  in  Fig.  7.  Small  portions  of  the  diode  laser 
beam  are  split  off  and  sent  through  the  reference 
cell  and  to  an  interferometer,  where  the  two  beams 


Fig.  8  The  high  enthalpy  shock  tunnel  HEG 
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3.5  Diode  laser  set-up  on  HEG 

The  set-up  for  HEG  is  shown  in  Fig.  9. 

The  basic  set-up  is  as  in  Fig.  7,  except  that  the 
beam  is  split  into  two  halves,  one  of  which  passes 
through  the  HEG  test  section  at  90°  and  the  other 
at  53°  to  the  flow.  Photodiodes  I  -  IV  record  laser 
beam  signals  through  the  reference  cell,  the 
interferometer,  and  the  HEG  test  section  at  90°  and 
at  53°,  respectively.  Inset  plots  upper  left  and  mid 
right  show  the  intensity  of  the  laser  output  as  a 
function  of  time  (i.e.  wavelength)  with  and  without 
absorption  by  Rb.  Upper  right  are  two  emission 
spectra  recorded  in  HEG  with  and  without  seeding 
with  Rb  (see  chapter  5.1). 


in 


Fig.  9  Diode  laser  setup  in  HEG 

To  avoid  influences  on  the  measurement  from 
boundary  layer  effects  (remembering  that  the 
technique  is  line-of-sight  integrating),  the  53°  laser 
beam  path  is  protected  by  light  guiding  pipes,  as 
shown  at  the  bottom  of  Fig.  9.  Here  the  laser  beam 
“sees"  only  the  core  flow.  This  is  shown 
graphically  in  Fig.  10. 

Here  calculated  radial  profiles  at  the  HEG  nozzle 
exit  for  temperature  and  velocity  are  shown  (Ref. 
4).  The  core  flow  and  boundary  layer  regions  are 
indicated  at  the  top,  as  are  the  regions  excluded  by 


use  of  the  light  guiding  pipes.  These  regions  are 
characterised  by  very  high  temperatures  and  a 
negative  velocity  gradient. 


boundary  core  flow  boundary 
layer  layer 

- - - NK - MM - - - 


Fig.  10  HEG  radial  temperature  (a)  and 

velocity  (b)  profiles,  showing 
exclusion  of  boundary  layer  effects  by 
the  light  pipes 

3.6  Seeding  Rb  in  HEG 

Rb  is  a  reactive  alkali  metal,  is  not  stable  in  air  and 
so  is  not  suited  to  be  used  directly  and 
quantitatively  as  a  seed  species.  However,  its 
nitrate  RbN03  is  readily  water  soluble  and 
decomposes  to  its  oxide  Rb20  at  550  K,  which 
itself  melts  at  1500  K.  At  the  high  temperatures  in 
the  HEG  reservoir  (up  to  9700  K),  Rb20  further 
decomposes  within  the  flow  time  to  its  constituent 
parts,  including  atomic  Rb.  Seeding  was  carried 
out  with  very  low  concentrations  of  RbN03  in 
water  by  applying  the  solution  with  a  brush  to 
surfaces  both  at  the  shock  tube  end  and  in  the 
compression  tube  near  the  diaphragm  position  (see 
Fig.  8).  Total  Rb  amounts  were  around  only  1  pig! 
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4.  RESULTS  IN  THE  TEST  SHOCK  TUBE 


Fig.  1 1  shows  a  typical  shock  tube  result  (test  gas 
air),  with:  (a)  photodiode  I  signal  with  Rb 
absorption  in  the  reference  cell;  (b)  photodiode 
signal  HI  with  Rb  absorption  in  the  shock  tube;  (c) 
pressures  measured  at  shock  tube  test  section  end 
and  side  walls.  In  (b)  one  can  clearly  see  the  initial 
undisturbed  triangular  emission  trace  of  the  laser 
diode,  followed  after  arrival  of  the  reflected  shock 
at  the  test  window  by  superimposed  absorption 
peaks  due  to  Rb.  (The  gas  behind  the  incident 
shock  in  this  run  was  too  low  to  vaporise  the 
Rb20,  explaining  the  absence  of  an  absorption 
signal  here.) 


Fig.  11  Measurement  in  small  test  shock  tube: 
(a)  reference;  (b)  shock  tube  ;(c)  pressures 

The  reflected  shock  region  should  have  a 
temperature  of  about  3300  K,  according  to 
calculations  derived  from  the  shock  tube  fill 
pressure  and  shock  Mach  number.  One  of  the 
spectra  (one  of  the  ramps)  shown  in  Fig.  1 1  in  the 
reflected  shock  regime,  after  appropriate 
correction  for  changing  laser  beam  intensity  and 
conversion  to  absorption  units,  is  shown  in  Fig.  12 
(dark  line  plot).  Superimposed  are  calculated 
(simulated)  spectra  for  temperatures  3000,  3500, 


4000  and  4500  K.  (For  reference,  a  spectrum  for 
312  K  is  also  plotted.) 


Fig.  12  Comparison  of  measured  and  calculated 
absorption  profiles  in  the  test  shock  tube 

One  sees  here  a  confirmation  of  the  problem 
referred  to  in  Fig.  2;  the  differences  between  the 
simulated  spectra  for  this  wide  temperature  range 
are  too  small  to  be  resolved  by  the  available 
experimental  data.  At  these  temperatures  the 
method  is  very  inaccurate  and  not  suited. 


5.  RESULTS  IN  HEG 


5.1  Emission  spectra 

In  order  to  analyse  absorption  spectra  recorded  in 
HEG  correctly,  one  needs  to  be  sure  that 
absorption  is  occurring  only  through  the  presence 
of  Rb,  and  not  overlapped  by  other  disturbing 
absorbing  species.  Before  the  first  introduction  of 
Rb  into  HEG,  emission  spectra  in  front  of  a  flat 
plate  (of  area  20  cm2)  placed  in  the  HEG  test 
section  normal  to  the  flow  direction  were  recorded 
using  an  optical  multichannel  analyser.  The 
reservoir  region  was  then  seeded  and  another 
spectrum  recorded.  Both  spectra  were  shown  in 
Fig.  9,  upper  right.  Here  it  is  clear  that  the  only 
emitting  (and  therefore  absorbing)  species  at  780.2 
nm  is  Rb. 

5.2  Seeding  results 

Core  vs  boundary  layer  regions.  After  the  first 
seeding  experiment,  there  remain  for  future  shots 
always  small  amounts  of  Rb  compounds  at  the 
shock  tube  end  and  nozzle  inlet,  present  as  "dirt" 
on  the  walls.  This  Rb  does  not  enter  the  core 
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region,  as  can  be  seen  in  Fig.  13(b).  Shown  in  this 
figure  for  a  shot  at  condition  I  are  (a)  Pitot 
pressure  in  the  test  section;  (b)  Absorption  from  an 
experiment  without  prior  Rb  seeding  for  both  90° 
and  53°  laser  beams,  where  the  latter  was 
protected  by  the  light  guiding  pipes;  (c) 
Absorption  for  53°  laser  beam  from  an  experiment 
where  Rb  was  seeded  into  the  flow  (dark  line 
trace),  compared  with  the  unseeded  experiment 
(grey). 
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Fig.  13  Rb  absorption  spectra  in  HEG,  showing 
contributions  of  core  and  boundary  layer 
regions 


absorption  from  the  unprotected  90°  laser  beam 
persists  for  a  long  time.  A  small  time  excerpt  from 
both  traces  (a)  and  (b)  for  the  time  window  4.875  - 
5.00  ms  is  shown  in  (c).  The  Doppler  shift  of  the 
53°  laser  beam  absorption  spectrum  relative  to  that 
for  the  53°  beam  is  obvious.  This  will  be  analysed 
later  (chapter  5.4). 


time  [ms] 


excerpt  as  indicated 
in  above  plot  (arrow) 


(b)  shows  clearly  that  for  the  unseeded  experiment, 
the  only  Rb  absorption  signal  is  in  the  boundary 
layer  region  outside  the  core  flow,  due  to  the  dirt. 
This  absorption  also  persists  for  quite  long  times  - 
>2.5  ms  after  flow  arrival.  In  the  case  of  Rb  seeded 
immediately  before  the  shot  (upper  trace  in  (c)), 
there  is  absorption  from  the  core  region  for  the  53° 
laser  beam;  this  Rb  does  not  remain  very  long  (<1 
ms). 

This  effect  can  be  further  clearly  seen  in  Fig.  14, 
where  both  laser  beam  transmission  traces  ((a)  and 
(b))  are  shown  plotted  versus  time  for  an  HEG 
shot  at  condition  I  (as  before,  in  Fig.  13,  gas 
arrival  occurs  at  about  4.0  ms).  Note  how  the 


Fig.  14  Rb  absorption  spectra  in  HEG  (as  in 
Fig.  13),  showing  Doppler-shifted 
absorption  lines 

Quantity  of  seeded  species.  The  influence  of 
quantity  of  seeded  species  can  be  seen  in  Fig.  15. 
Both  absorption  results  (a)  and  (b)  were  carried 
out  at  the  same  HEG  run  condition  I,  only  the 
quantity  of  RbN03  seeded  into  the  flow  in  the 
reservoir  was  different;  (a)  0.15  pg  ,  and  (b)  2.0 
pg.  Both  absorption  axes  are  plotted  to  the  same 
scale,  allowing  a  direct  comparison.  (Pitot  pressure 
traces  are  shown  for  reference  at  the  top  of  (a)  and 

(b).) 
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Note  that  in  both  cases  there  is  little  Rb  left  during 
the  indicated  test  window. 


time  after  shock  reflection  [ms] 

Fig.  15  Effect  ofRb  seeding  amounts  on 

absorption  spectra:  (a)  0.15/J.g;  (b)  2.0 fig 

Seeding  in  shock  vs  compression  tubes.  Fig.  16 
compares  the  result  shown  in  Fig.  15  with  0.15  pg 
RbN03  seeded  into  the  reservoir  (dark  grey  trace) 
with  a  result  where  5.0  pg  RbN03  were  seeded 
into  the  flow  upstream  of  the  diaphragm  in  the 
compression  tube  (light  grey).  Both  shots  were  at 
condition  I.  Both  traces  have  a  similar  form  until 
about  4.5  ms,  after  which  a  new  charge  of  Rb, 
originating  from  the  compression  tube,  enters  the 
probed  region  (light  grey  trace). 


Fig.  16  Effect  of  seeding  in  shock  and 
compression  tubes:  (a)  pressure; 
(b)  absorption 


Since  the  Rb  seeded  in  the  compression  tube  can 
only  be  carried  downstream  by  the  helium  driver 
gas,  its  presence  thus  signals  the  arrival  of  the  first 
He  in  the  test  gas  at  about  4.5  ms.  This  early 
arrival  of  He  has  since  been  confirmed  by  other 


techniques  and  by  CFD.  Furthermore,  in  both 
results  there  are  only  weak  absorption  signals  at 
later  times,  making  analysis  difficult.  The  main 
advantage  of  the  seeding  in  the  compression  tube 
is  to  spread  the  Rb  (as  some  compound)  through 
the  whole  shock  tube,  so  that  for  the  following 
shots  the  whole  test  gas  (air)  slug  is  seeded  more 
or  less  equally. 

5.3  Time-resolved  absorption  measurements  in 
HEG 


Time  development  of  pressure,  light  transmission  and 
Rb  absorption  signal  In  HEG  test  section 


Fig.  17  Rb  absorption  in  HEG  at  condition  I 
(see  text ) 

The  time  development  of  Rb  absorption  in  a 
typical  condition  I  shot,  such  as  will  be  used  later 
in  an  analysis  for  temperature  and  velocity,  is 
shown  in  Fig.  17.  Plotted  from  top  to  bottom  are: 
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Pitot  pressure  pT2,  showing  the  test  window; 
extinction  measurement  through  the  HEG  test 
section  using  a  HeNe  laser  beam;  reference  Rb 
absorption  spectrum  from  the  calibration  cell; 
absorption  spectrum  in  HEG  with  90°  laser  beam; 
absorption  spectrum  in  HEG  with  53°  laser  beam. 

Note  that  for  this  shot  condition  there  is  at  most  a 
laser  beam  extinction  of  about  7%.  This  is  quite 
small,  but  nevertheless  the  laser  diode  beam 
transmission  traces  need  to  be  corrected  for  this. 
At  higher  shot  pressures  (conditions  II  and  IV)  the 
extinction  is  much  larger,  making  the  correction 
more  difficult  and  the  result  less  accurate.  (There 
are  no  species  here  that  absorb  at  the  HeNe  laser 
wavelength,  so  that  this  measured  extinction  is 
thought  to  be  due  to  particulate  matter  in  the  flow.) 


5.4  Determination  of  line  broadening  and  shifts 

Line  broadening.  Two  of  the  many  ramps  that 
were  shown  in  Fig.  17  for  the  53°  laser  beam 
absorption  result  are  shown  in  Fig.  18(a).  Here  two 
absorption  spectra  are  plotted  overlapped  with 
zero  absorption  spectral  traces  (used  for  base  line 
correction).  For  reference,  a  typical  interferometer 
trace  is  also  shown  (used  for  wavelength  linearity 
check  over  the  ramp).  After  applying  base  line  and 
linearity  corrections,  and  converting  to  a  scale  in 
units  of  absorption,  the  experimental  trace  (grey 
curve)  shown  in  Fig.  18(b)  is  obtained.  A 
fitting  procedure  with  temperature  Ttrans  as  fit 
parameter  is  then  used  to  fit  the  theoretical 
(Gaussian)  lineshape  function,  as  discussed  in 
chapter  2.2,  to  the  experimental  trace.  This  result 
is  also  shown  in  the  figure  (dark  trace).  The 
resulting  temperature  is  Ttrans  =  1120  ±  300  K; 
even  at  these  lower  temperatures,  the  method  is 
not  very  accurate. 

Line  shifts.  Even  though  the  90°  laser  beam  cannot 
be  used  to  deliver  useful  temperatures  (they 
represent  an  average  integrated  over  different  flow 
regions,  see  Fig.  10),  it  does  however  provide  a 
very  useful  reference  for  line  shifts  in  the  53°  laser 
beam  spectra.  Two  such  absorption  spectra  from 
both  laser  beams  (shown  in  Fig.  17)  are  plotted 
overlapped  on  the  same  axis  in  Fig.  19. 
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Fig.  18  Measured  single  Rb  absorption  spectra  in 
HEG:  (a)  Two  ramps;  (b)  comparison 
with  theory 


Fig.  19  Orthogonal  and  53°  Doppler-shifted  Rb 
absorption  spectra  in  HEG 
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The  abscissa  is  in  units  of  line  shift  in 
wavenumbers,  taken  relative  to  an  arbitrary  origin. 
The  line  shift  AvD  was  measured  as  0.1638  ± 
0.0035  cm1.  Using  the  method  outlined  in  chapter 
2.3,  a  flow  velocity  of  6370  ±  130  m  s'1  could  be 
determined. 

5.5  Accuracy  of  measurements  (goodness  of  fit) 


Fig.  20  Comparison  of  measured  and  theoretical 
absorption  spectra  in  HEG,  with 
temperature  ranges  of  ±10%  (a)  and 
±20%  (b) 

The  accuracy  of  the  results  of  temperature  and 
flow  velocity  presented  in  chapter  5.4  for  a  typical 
spectrum  is  limited  in  part  due  to  considerations 
already  discussed  beforehand  (chapters  2.2  and 
2.3).  This  will  be  clarified  by  a  few  further 
examples. 

Figs.  20  and  21  show  measured  Rb  absorption 
spectra  compared  with  simulated  spectra  for 
temperature  ranges  of  ±10%  and  ±20%  (Fig.  20) 
and  a  velocity  range  of  ±5%  (Fig.  21).  It  can 
clearly  be  seen  that  velocity  fits  are  more  accurate 
than  temperature  fits. 


This  is  further  exemplified  by  the  ±5%  %2  plots  for 
temperature  and  velocity  shown  in  Fig.  22.  Note 
here  also  the  difference  in  ordinate  scales  for 
temperature  and  velocity! 


Fig.  21  Unshifted  (a)  and  shifted  (b)  measured 
spectra,  compared  with  theoretical 
spectrum  for  velocity  range  of  ±5% 


. . .  .  . _ j 
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Fig.  22  X2  plots  for  temperature  and  velocity, 
showing  relative  sensitivity  of  both 
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5.6  Temperatures  and  velocities  in  the  HEG 
free  stream 


Fig.  23  shows  a  comparison  between  experimental 
and  simulated  absorption  plots  for  HEG  shot  390 
(condition  I).  The  agreement  is  very  good. 


Fig.23  Comparison  of  measured  and  simulated 
spectra  for  90°  and  53°  beams  in  HEG 

When  all  spectra  obtained  during  the  duration  of 
the  flow  test  time  in  shot  390  are  analysed  in  a 
similar  way,  one  obtains  the  time-dependent 
development  of  temperature  and  flow  velocity,  as 
shown  in  Fig.  24.  From  top  to  bottom  are  shown: 
Pitot  pressure  trace  in  the  test  section  (for 
reference,  the  test  window  is  also  shown);  Raw 
absorption  trace  for  the  53°  laser  beam; 
Temperature  and  velocity  time  profiles  for  two 
cases,  with  and  without  positioning  of  a 
measurement  rake  in  the  test  section.  (These 
studies  were  carried  out  during  calibration 
measurements  of  the  HEG  free  stream  flow  using  a 
rake  in  the  form  of  a  cross  equipped  with  pressure 
and  temperature  sensors  and  placed  at  the  nozzle 
exit  -  this  could  lead  to  some  disturbances  in  the 
downstream  region,  over  some  of  which  the  53° 
laser  beam  passed.) 


Fig.  24  Time  development  of  temperature  and 

velocity  in  HEG  at  condition  I 

Values  of  temperature  and  velocity  calculated 
using  an  Euler  chemical  non-equilibrium  code 
(STUB)  for  the  HEG  nozzle  flow  are  also  shown. 
Both  temperature  and  velocity  traces  show 
considerable  oscillation  at  early  times  when  the 
flow  is  still  being  established.  With  the  rake, 
velocities  are  lower  and  temperatures  are  higher. 
This  is  as  expected  if  the  measurement  rake  blocks 
some  of  the  flow.  However,  there  were  too  few 
shots  carried  out  with  and  without  rake  to  be 
certain  of  its  influence. 
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The  results  obtained  from  all  HEG  shots  (at 
conditions  I,  II,  IV,  V  and  VI)  are  summarised  in 
the  following  table.  Shown  is  the  measured  value 
of  temperature  and  velocity,  taken  as  the  average 
value  in  the  time  plots  over  the  designated  test 
time  window  (as  shown  in  Fig.  24)  Theoretical 
values  from  STUB,  and  the  differences  between 
STUB  and  measured  values  are  also  shown. 


Cond. 

Texpt 

(K) 

Tstub 

(K) 

AT 

(%) 

uexpt 

(m  s'1) 

USTUB 

(m  s'1) 

Au 

(%) 

I 

1000 

807 

+24 

5600 

5939 

-6 

II 

1410 

1036 

+36 

5500 

6157 

-11 

IV 

1100 

722 

+52 

3900 

5148 

-24 

V 

1010 

503 

+100  ! 

4100 

4382 

-7 

VI 

910 

536 

+70 

3830 

4582 

-20 

2.  Trinks  O.  and  Beck  W.H.  (1998)  Application  of 
diode-laser-absorption  technique  with  the  D2 
transition  of  atomic  Rb  for  hypersonic  flow- 
field  measurements,  Appl.  Optics  37  (30),  1-6. 

3.  Eitelberg  G.  (1993)  Calibration  of  the  HEG  and 
its  Use  for  Verification  of  Real  Gas  Effects  in 
High  Enthalpy  Flows,  AIAA  Paper  93-5170. 

4.  Hannemann  K.  (1997)  Private  communication. 


Temperature  values  lie  systematically  above  the 
theoretical  results  (in  one  case,  100%!  higher), 
velocities  systematically  below.  The  differences 
between  experiment  and  theory  in  the  velocities 
are  much  less  than  with  the  temperatures;  this  is 
not  unexpected,  in  view  of  the  discussions  on 
accuracy  of  this  method.  Furthermore,  the 
simplified  approach  taken  in  the  Euler  calculations 
may  also  be  suspect  and  would  definitely  be  more 
reliable  using  a  full  non-equilibrium  (thermal  and 
chemical)  Navier-Stokes  solution.  Since  the 
differences  between  measured  and  theoretical 
results  are  in  the  right  direction  to  be  explained  by 
the  presence  of  the  measurement  rake,  more  results 
in  a  non-disturbed  free  stream  are  needed. 
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ABSTRACT 


Use  of  LIF  in  two  line  thermometry  TLT  and  of 
flash  lamp  absorption  to  examine  high  enthalpy 
flows  is  presented.  The  aim  is  to  measure 
rotational  and  vibrational  temperatures  of  nitric 
oxide  NO  in  high  temperature  air  in  the  Gottingen 
High  Enthalpy  Shock  Tunnel  HEG.  Theory  of  NO 
(energy  levels,  spectroscopy,  level  populations), 
T  .TF  and  TLT  are  discussed.  Results  are  given  from 
a  test  cell  to  validate  TLT  with  NO  LIF  as  a 
quantitative  technique.  HEG  results  for  rotational 
and  vibrational  temperatures  in  the  free  stream  and 
around  models  are  presented.  Finally,  flash  lamp 
absorption  results  yielding  these  temperatures  are 
given. 

1.  INTRODUCTION 


High  enthalpy  flows  such  as  in  the  High  Enthalpy 
Shock  Tunnel  HEG  of  the  DLR  in  Gottingen  are 
characterised  by  very  high  temperatures  where  the 
test  gas  (usually  air)  is  dissociated  and  where  the 
concentrations  of  the  atomic  and  molecular  species 
may  not  correspond  to  those  pertaining  to  the 
translational  temperature  of  the  gas  -  this  is 
chemical  non-equilibrium.  Furthermore,  the  gas 
may  also  not  be  in  thermal  equilibrium,  i.e. 
internal  temperatures  (electronic,  vibrational  and 
in  some  cases  even  rotational  temperatures)  may 
be  different  from  each  other  and  from  the 
translational  temperature.  In  the  worst  case,  the 
levels  may  not  be  occupied  according  to  a 
Boltzmann  distribution,  so  that  an  internal 
temperature  is  not  even  defined.  To  examine  and 
understand  the  properties  of  such  gases,  it  is  no 
longer  adequate  to  measure  just  bulk  properties 


such  as  pressure  or  temperature;  one  must  examine 
the  gas  at  its  molecular  level,  and  preferably  using 
a  technique  which  is  non-intrusive  and  does  not 
influence  or  alter  the  gas  propereties.  Laser 
induced  fluorescence  LIF  is  such  a  technique.  It 
has  the  further  advantage  of  enabling  2D  spatially 
resolved  measurements  of  temperatures,  as 
opposed  to  other  techniques  which  measure  line  of 
sight  (absorption  techniques)  or  at  a  point  (CARS). 

A  common  component  of  high  temperature  air  is 
nitric  oxide  NO.  In  HEG  it  is  present  up  to  levels 
of  10%.  NO  is  a  species  which  is  quite  well 
studied  and  understood  (its  energy  levels, 
spectroscopy),  and  is  well  suited  to  LIF  and 
absorption  studies.  This  lecture  will  deal  with 
basic  theory  of  the  NO  molecule  -  its  structure, 
energy  levels,  level  populations,  spectroscopy  and 
its  use  in  two  line  thermometry  TLT  using  LIF. 
Although  this  theory  is  universal,  pertaining  not 
only  to  LIF  work,  it  will  be  presented  with  mainly 
this  aim  in  mind.  Experimental  apparatuses  for  LIF 
(laser  apparatus,  test  cell)  and  the  facility  HEG 
will  be  described.  Emission  spectra  in  HEG  are 
shown  to  prepare  the  way  for  use  of  planar  LIF 
(PLIF)  around  models  in  the  gas  flow.  A 
discussion  of  detailed  experiments  in  a  heated  test 
cell  containing  NO,  necessary  to  establish  the 
requirements  for  quantitative  TLT,  follows.  HEG 
LIF  results  are  presented  in  two  groups:  LIF 
measurements  of  rotational  and  vibrational 
temperatures  in  the  HEG  free  stream,  and  in  flows 
around  models  (HERMES,  cylinder,  sphere, 
blunted  cone,  HOPE).  Finally,  results  using  flash 
lamp  absorption  in  the  HEG  will  be  presented. 


Paper  presented  at  the  RTO  AVT  Course  on  “Measurement  Techniques  for  High  Enthalpy  and  Plasma  Flows”, 
held  in  Rhode-Saint-Gen&se,  Belgium,  25-29  October  1999,  and  published  in  RTO  EN-8. 
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2.  THEORY 

This  chapter  will  overview  some  important 
theoretical  concepts  concerning  the  energy  levels 
and  spectroscopy  of  the  NO  molecule,  the  laser 
induced  fluorescence  technique  and  its  use  to 
determine  internal  (rotational  and  vibrational) 
temperatures  via  two  line  thermometry  TLT.  It 
will  and  cannot  be  an  exhaustive  overview,  but 
rather  will  summarise  the  basics  (there  are  several 
texts  and  literature  references  given  in  Ref.  1 
which  go  into  far  greater  detail).  Above  all,  an 
attempt  will  be  made  to  stress  those  points  which 
are  important  in  applying  TLT  to  high  enthalpy 
flows. 

2.1  The  NO  molecule 

The  linear  combination  of  atomic  orbitals 
approach  to  forming  the  molecular  orbitals  (MO) 
of  NO  leads  to  an  electron  configuration  in  the 
electronic  ground  state  (GS)  where  the  last 
(outermost)  electron  resides  in  an  anti-bonding 
71*^)  molecular  orbital.  This  is  a  single  unpaired 
electron,  so  that  the  multiplicity  of  the  GS  is  2. 
The  promotion  of  this  electron  can  occur  to  higher 
(in  energy)  MO’s,  for  example  through  absorption 
of  a  photon  of  light.  The  excited  NO  molecule  can 
relax  back  to  its  GS  via  several  processes, 
including  emission  of  a  photon  of  either  the  same 
or  lower  energy  (fluorescence);  all  these  processes 
are  important  in  using  LIF  for  TLT,  and  will  be 
discussed  later. 

When  an  electron  is  boosted  to  a  higher  electronic 
level,  it  is  also  possible  for  the  molecule  to 
experience  a  change  in  its  rotational  and 
vibrational  energies.  (All  internal  energy  changes 
are  subject  to  certain  selection  rules,  which  arise 
out  of  parity  and  symmetry  considerations 
pertaining  to  dipole  transitions.)  The  energy  of  the 
molecule,  or  rather  the  energy  change  following  a 
particular  transition,  can  be  broken  down  into 
electronic  n,  vibrational  v  and  rotational  J 
components  -  the  so-called  term  energies  T(n,v,J). 
Each  state  of  the  molecule,  and  its  term  energy,  are 
uniquely  defined  by  so-called  quantum  numbers, 
numbers  which  arise  out  of  the  wave  function 
solutions  (eigen  functions)  of  the  Schrodinger 
equation. 

It  is  customary  to  represent  pictorially  these  term 
energies,  including  the  vibrational  (and  rotational) 


manifolds,  in  a  potential  energy  level  diagram  such 
as  in  Fig.  1  for  NO  (see  Ref.  1). 

Here  the  energy  (in  units  wavenumbers  cm'1,  1  ev 
—  8067  cm'1)  of  the  level  is  plotted  against 
intemuclear  separation  (in  Angstroms  A,  1  nm  = 
10  A)  between  N  and  O  atoms  in  the  molecule. 
The  various  electronic  states  are  given  term 
symbols,  starting  with  X  for  the  GS,  and  then  A, 
B,  C,  ...  for  the  higher  lying  states.  Each  electronic 
energy  level  is  represented  by  either  direct  or 
projected  quantum  numbers,  and  given  either  a 
Greek  symbol  or  value;  e.g.  the  GS  2II+inI  has  total 
spin  Vi,  therefore  multiplicity  2,  total  orbital 
angular  momentum  L  =  1,  hence  n  state,  and  a 
projection  of  the  summed  orbital  and  spin  quantum 
numbers  mJ;  with  values  of  1/2  or  3/2. 


Fig.l  Potential  energy  level  diagram  for  NO. 


The  above  picture  considers  only  the  electronic, 
and  not  the  rotational  energy  levels;  there  exists  a 
coupling  between  the  nuclear  rotation  and  the 
electron  movement,  leading  to  a  further  splitting  of 
the  energy  levels,  the  so-called  A-splitting.  Hence, 
when  considering  transitions  from  a  particular 
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rotational  level  in  the  GS,  they  can  arise  from  four 
energy  levels,  each  having  a  (sometimes  only 
slightly)  different  energy.  Selection  rules  for 
rotational  transitions  allow  only  quantum  number 
changes  AJ  of  -1,  0,  +1  (J  *  0),  and  only  transitions 
to  states  of  opposite  parity,  so  that  in  all  12 
separate  transitions  (spectral  lines)  to  a  E-excited 
state  (where  mj  =  0)  can  arise  from  one  GS 
rotational  level.  This  can  be  seen  in  Fig.  2.  Of  the 
four  major  NO  electronic  energy  levels,  X,  A,  B.  C 
and  D,  as  shown  in  Fig.l,  only  the  X,  A  and  D  will 
be  of  main  interest  here.  Whereas  the  vibrational 
energy  levels  (v  =  0,  1,  2,....)  are  shown,  the 
rotational  manifolds  (see  Fig.  2)  superimposed  on 
each  vibrational  level,  with  their  even  smaller 
energy  spacings,  are  not  shown. 
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Fig.  2  E  <— 11  transitions  in  NO,  showing  12 
branches. 


Transitions  between  the  states  D  <—  X  and  A  <—  X 
are  given  designations  £  and  y  ,  respectively,  with 
the  upper  and  lower  vibrational  quantum  numbers 
v  being  given  in  brackets;  e.g.  £(0,1)  refers  to  the 
transition  between  the  X  ground  state,  v  =  1,  to  the 
excited  state  D,  v  =  0.  No  information  regarding 


•the  change  in  rotational  quantum  number  J  is 
included  yet.  This  is  represented  as  AJFiF(J"), 
where  AJ  =  -l,0or+l  (see  before)  is  represented 
by  the  letter  P,  Q  or  R,  F  and  F"  represent  the  two 
mj  values  1/2  and  3/2,  respectively,  and  J" 
represents  the  rotational  level  in  the  GS  from 
which  the  transition  arises.  (The  energy  levels  and 
transitions  of  NO  are  summarised  in  some  more 
detail  in  ref.  1,  where  literature  references  can  be 
found.)  The  two  laser-excited  transitions  used  for 
the  LIF  to  be  discussed  later  are  £(0,1)  R22(27.5) 
and  £(0,1)  (R2i(17.5)  +  Pn(35.5));  whereas  the  first 
transition  is  a  single  line,  the  second  is  an  overlap 
of  two  lines  which  can  lead  to  errors  at 
temperatures  above  1000  K,  if  not  properly 
accounted  for  -  see  later.  In  the  case  of  flash  lamp 
absorption,  where  both  low  resolution  vibrational 
bands  (rotational  envelopes)  and  high  resolution 
rotationally-resolved  lines  are  measured  from 
broadband  absorption  experiments,  vibrational 
transitions  (0,0),  (1,0)  and  (0,1)  and  low-lying 
rotational  levels  (J  =  4.5)  are  involved. 


2.2  Thermal  populations 

Given  that  thermal  equilibrium  between  the 
electronic,  vibrational  and  rotational  levels  exists, 
the  fraction  f  of  the  total  population  in  a  given 
energy  level  |n,v,J>  is  given  by: 


/  (n,v,J,Tint)  =  gn 


Q(Tint ) 


T(n,v,J,T.  ) 
_ int 

kT 


where  gn  is  the  electronic  degeneracy,  grot  the 
rotational  degeneracy  (=  2J  +  1),  k  Boltzmann’s 
constant,  Q(Tint)  the  total  partition  function  and  Tint 
the  internal  temperature,  so  called  to  distinguish  it 
from  the  translational  temperature  TBns,  which 
may  or  may  not  be  the  same  -  see  later.  Hence,  for 
a  given  known  molecule  with  known  properties 
and  energy  levels,  the  thermal  distribution  can  be 
represented  by  just  one  variable,  the  temperature 
Tint.  For  the  case  of  the  rigid  rotor,  the  term  energy 
can  be  split  into  a  sum  of  electronic,  vibrational 
and  rotational  components  and  the  partition 
function  into  a  product  of  components  from  these 
modes.  The  fraction  f  can  be  redefined  as: 
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f(n,v,J,Tel,Tvib,Trot)  = 


gn(2J  +  l) 


I 

1 _ 

\ 

>■*» 

e 

1 

[  e 

i 

e 

kT 

rot 

Q(Te, )  Q{Tvib)  Q(Trot) 


Hence,  as  can  be  seen  from  the  above  equation,  it 
is  possible  that  Tei,  Tvib  and  Trot  are  different,  and 
also  different  from  IVans-  However,  the  existence 
of  a  temperature  as  a  variable  requires  a 
Boltzmann  distribution  -  no  Boltzmann 
distribution,  no  temperature  defined!  All 
spectroscopic  methods  used  to  determine  internal 
temperatures  rely  on  this  assumption.  Given  that  it 
holds,  one  can  also  see  how  to  measure  internal 
temperatures  -  measure  the  population  in  two 
different  (e.g.  rotational)  levels,  from  which  the 
(e.g.  rotational)  temperature  can  be  determined. 

To  see  how  these  populations  change  as  a  function 
of  temperature  can  best  be  seen  using  two 
examples  for  NO,  one  for  vibrational  and  one  for 
rotational  population  distributions.  Fig.  3  is  a  plot 
of  fraction  of  vibrational  level  population 
(normalised  to  v  =  0  at  300  K)  plotted  against 
temperatures  up  to  6000  K. 


Fig.  3  Vibrational  population  fraction  fv  for 
various  NO  vibrational  levels  as  a 
function  of  temperature. 


At  HEG  free  stream  temperatures  of  less  than 
about  1100  K,  one  can  see  that  only  levels  v  =  0 
and  1  are  substantially  populated.  In  fact,  the 
aforementioned  £-bands  arise  from  v  =  1,  so  that 


these  transitions  cannot  be  used  at  temperatures 
below  about  600  K.  Behind  shocks  in  HEG 
temperatures  can  be  as  high  as  9000  K,  but  at  these 
high  temperatures  one  sees  another  problem, 
which  is  best  exemplified  by  the  following:  if  one 
measures  populations  in  levels,  say,  v  =  2  and  3  at 
temperatures  around  5000  K,  one  can  see  that  the 
ratio  of  the  populations  in  these  levels  is  quite 
temperature  insensitive.  Or  put  another  way,  the 
demands  on  accuracy  in  measuring  these 
populations  are  very  high. 


Fig.  4  Rotational  population  fractions  and  ratios 
for  two  NO  rotational  levels  as  a  function 
of  temperature. 


The  second  example,  shown  in  Fig.  4,  is  a  plot  of 
population  fraction  of  the  two  NO  rotational  levels 
J"  =  17.5  and  27.5  discussed  in  chapter  2.1  (and  of 
the  level  J"  =  35.5)  against  temperatures  up  to 
1500  K.  Also  plotted  are  the  ratios  of  the  two 
populations  with  and  without  consideration  of  the 
J  =  35.5  level  (f27.5/(fn.5+f35.5)  and  f27.5/fi7.s, 
respectively). 

Neglecting  the  contribution  from  J"  =  35.5,  one 
can  estimate  from  the  ratio  f27.5/fi7.s  the  accuracy  of 
rotational  temperature  Trot  determination:  taking 
the  ratio  for  the  case  Trot  =  1000  K,  and  assuming 
an  error  in  ratio  measurement  of  10%  (quite  good 
for  single  shot  measurements  -  see  later),  one 
obtains  an  error  in  Trot  of  about  7%.  Hence,  these 
two  transitions,  based  on  only  this  criterion,  are 
quite  good  for  measurements  at  around  1000  K, 
although  it  is  clear  from  Fig.  4  that  the  J"  =  35.5 
contribution  cannot  be  neglected  at  higher 
temperatures.  These  matters  will  be  further 
discussed  in  chapter  2.4. 
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2.3  LIF  -  two  and  three  level  approaches 


The  method  whereby  one  obtains  the 
abovementioned  level  populations  needs  to  be 
looked  at  more  closely.  This  is  best  done  using  the 
two  level  LIF  model:  in  brief,  a  laser  is  used  to 
excite  NO  from  a  lower  level  to  an  excited  state, 
from  whence  a  measurement  of  the  intensity  of  re¬ 
emitted  fluorescence  can  be  related  to  the  original 
population  in  the  ground  state.  The  requirements 
for  this  to  apply,  and  the  complications  that  may 
arise,  will  be  discussed  here  briefly.  Fig.  5  shows  a 
two  level  system  involving  two  states  ll>  and  I2>, 
representing  (v,J)  levels  in  the  NO  X  and  D 
electronic  states,  respectively 
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Fig.  5  Two-level  LIF  model  for  NO. 


In  the  case  of  weak  laser  excitation,  where  the 
fluorescence  signal  FUn  is  proportional  to  laser 
intensity,  one  can  write  (see  ref.  1,  and  references 
therein): 


*»-*»** 

where  where  B2i  and  A2i  are  Einstein  coefficients 
for  stimulated  and  spontaneous  emission  from 
state  I2>  to  ll>,  respectively,  Q2i  is  the  radiation¬ 
less  channel  for  level  I2>  de-population,  Elas  is  the 
laser  energy,  g  is  the  spectral  overlap  integral  for 
absorption  (representing  the  coincidence  and 
bandwidths  of  spectral  transition  and  laser  -  g  = 
g(vabs,  AvabS5  Vias,  Avlas)),  N  the  NO  density  and  f 
the  Boltzmann  fraction  for  the  lower  level.  The 
term 

_  A21 

qp  An + Qn 

is  called  the  quantum  yield,  and  lies  between  0  and 
1,  depending  on  how  strongly  the  fluoresence 


radiation  is  reduced  (quenched)  by  other 
processes.  In  the  two  level  model,  Q2i  in  the  above 
equation  actually  represents  all  processes  not 
leading  to  re-emission  back  to  level  ll>,  viz.  Q2i, 
Ad-x(*ii»>  Q  and  Ad.a  in  Fig.  5. 


In  the  LIF  experiments  fluorescence  signals  Sf  are 
recorded  using  either  image-intensified  cameras  or 
photomultipliers.  Sf  is  related  to  Fii„  by 


sf  =  Flin  v  n 


Q_ 
4  K 


where  V  is  the  measurement  volume,  r|  is  the 
detection  sensitivity  (gain,  filter  losses,  etc.)  and 
0/471  is  the  detection  solid  angle. 


Fig.  6  Three-level  LIF  model  for  NO. 


The  proximity  of  the  NO  A  state  to  the  D  state, 
shown  in  Fig.  1,  complicates  the  situation,  since  it 
is  also  involved  in  energy  transfer  and  removal 
processes  -  Ad.X(*ii>),  and  Ad.a  -  which  influence 
the  proportionality  of  fluorescence  signal  to  level 
population.  A  three  level  system  including  the  NO 
A  state  is  shown  in  Fig.  6. 

Here  all  processes  for  populating  (absorption 
BdaI)  and  depopulating  (spontaneous  emission 
Ada,  stimulated  emission  BDAI  and  collisional 
quenching  QDA)  the  upper  D  state,  and  also 
corresponding  processes  between  the  A  and  X 
states  (spontaneous  emission  Aax  and  quenching 
Qax)  need  to  be  considered.  Furthermore,  at  higher 
laser  power  densities  and  higher  NO  densities,  a 
particularly  efficient  process  called  amplified 
spontaneous  emission  ASE  provides  an  efficient 
channel  for  energy  removal  from  the  D  state.  (This 
process  arises  from  the  strong  pumping  of  the  D 
state,  leading  to  a  population  inversion  between  D 
and  A  states,  which  produces  an  amplification  of 
D  — >  A  transitions  in  the  direction  of  the  D  <—  X 
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pump  laser  beam.)  Clearly  all  this  can  become 
quite  complex  if  all  processes  occur,  but  on  the 
other  hand,  if  one  is  not  aware  of  them,  using  LIF 
to  do  quantitative  TLT  can  lead  easily  to  erroneous 
results. 

2.4  Two  line  thermometry  TLT 

To  determine  temperatures,  fluorescence  signals  Sf 
arising  from  excitation  from  two  different  lower 
energy  levels  ll>  and  I2>  are  measured,  e.g.  using 
the  transitions  e(0,l)  R22(27.5)  and  e(0,l) 
(R2i(17.5)  +  Pu(35.5))  one  would  obtain  a 
rotational  temperature.  A  ratio  of  energy  and 
wavelength  corrected  signals  is  formed: 

SfA  / E‘asgl  B2i,iNfl(El,T)V1T]l^qF'l 
Sf,2 1  E2“'g2  NME2tT)V2  ^qr  2 

Cancelling,  grouping  together  temperature- 
independent  constants  (molecular  and  apparatus 
constants)  and  assuming  there  is  no  quantum  level 
dependence  of  quenching  (qF tl  =  qF2)  leads  to 

A E 

R  =  c  e  kT  , 

where  AE  =  E2  -  Ej  is  the  energy  separation  of  the 
two  states  from  which  excitation  occurred.  To 
obtain  the  temperature  T,  a  calibration 
measurement  in  a  test  cell  at  known  NO 
concentration  and  temperature  Tcai  and  using  the 
same  experimental  setup  as  for  HEG  is  carried  out: 
Rcal  =  ce~iAE/kTca,) .  Setting  the  value  T0  for  the 
characteristic  temperature  of  the  two  states  (T0  = 
AE/k),  one  obtains  the  measured  temperature  T: 

For  the  case  that  Tvib  *  Trot,  the  expression  for  R 
becomes 

AEyjh  ^Eroi 

R  =  c  e  kT"h  e  kT,a'  . 

If  one  temperature  is  known,  the  other  can  be 
determined  in  a  measurement  as  described  above. 


One  needs  to  ask  the  question:  under  which 
conditions  and  with  which  assumptions  do  the 
above  equations  apply  when  carrying  out  single 
shot  TLT  in  high  enthalpy  flows?  They  are: 

1.  Linear  fluorescence  -  requires  laser  excitation  to 
be  weak. 

2.  No  unaccounted-for  loss  processes  -  mass 
balance  between  the  two  levels  must  apply: 
Ni+N2=constant. 

3.  No  RET  -  rotational  energy  transfer  (RET)  in  the 
ground  state,  falsifying  the  required  thermal 
population,  must  be  low  (this  needs  be  considered 
behind  strong  shocks  in  HEG). 

4.  Rotational  dependence  of  quantum  yields  - 
should  not  exist,  or  must  be  known  and  quantified. 

5.  Laser  pulse  time  form  -  should  be  as  near  to 
rectangular  as  possible  (does  not  apply  fully  to  the 
ArF  excimer  lasers  used  in  HEG). 

6.  Fluorescence  reabsorption  -  in  the  path  through 
the  HEG  test  gas  from  excitation  volume  to  the 
detection  system  must  be  negligible  (hence  any 
fluorescence  ending  in  the  v  =  0  level  of  the  X 
ground  state  must  be  suspect). 

7.  Laser  beam  absorption  -  from  the  HEG  test 
section  window  to  the  excitation  volume  must  not 
occur  (exciting  the  E-bands  originating  from  v  =  1 
reduces  this  problem,  but  even  v  =  1  becomes 
populated  at  T  >  600  K  -  see  Fig.  3). 

8.  Calibration  cell  conditions  -  must  be  such  that 
the  calibration  results  can  be  carried  over  and  used 
for  comparison  with  the  HEG  results. 

9.  Boltzmann  distributions  -  must  exist!  This 
assumption  is  the  crux  of  both  LIF  and  flash  lamp 
absorption  measurements. 

The  sensitivity  of  TLT  is  given  quite  simply  by 

A  T  _  T  AR  T  AR 
T  ~  T0  R  1310  ~R  ’ 

where  the  value  T0  =  1310  K  has  been  inserted  for 
the  two  rotational  levels  J"  =17.5  and  27.5  for  the 
transitions  £(0,1)  R22(27.5)  and  e(0,l)  R2i(17.5). 
One  sees  immediately  that  at  temperatures  above 
about  1000  K  the  relative  accuracy  of  the  ratio  R 
measurement  approaches  that  of  the  temperature 
sensitivity,  so  that,  for  a  5%  temperature  accuracy, 
one  needs  an  accuracy  of  5%  in  R  or  about  3-4% 
in  Sf.  This  is  not  difficult  in  cases  where  signal 
averaging  can  be  used,  but  for  single  shot  work  as 
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in  HEG  where  the  short  test  time  of  1  ms  allows 
only  one  laser  shot  from  each  of  the  two  lasers, 
this  is  most  demanding.  A  general  requirement  for 
greater  temperature  sensitivity  arises  out  of  the 
above:  T  «  To.  This  is  desirable,  but,  as  in  the 
case  of  HEG  (see  later),  not  always  possible  to 
achieve. 


3.  EXPERIMENTAL  TOOLS 


3.1  The  High  Enthalpy  Shock  Tunnel  HEG 

The  HEG  is  a  free-piston  driven  shock  tunnel 
operating  in  the  reflected  shock  mode.  It  has  been 
described  in  greater  detail  elsewhere  (ref.  2).  As 
shown  in  Fig.  7,  a  reflected  shock  creates  high 
temperature  and  pressure  conditions  in  the 
reservoir  (before  the  nozzle  entrance),  after  which 
the  test  gas  expands  through  the  nozzle  to  deliver 
the  free  stream  conditions  in  the  test  section.  The 
test  time  is  about  1  ms.  Also  shown  in  Fig.  7  are 
nominal  conditions  which  have  been  calculated 
using  a  non-equilibrium  Euler  code  for  the  free 
stream  and  the  reservoir  -  these  conditions  apply  to 
the  old  contoured  nozzle  in  HEG,  with  which  most 
of  the  LIF  testing  was  carried  out.  Conditions  I  and 
IH  are  low  pressure,  with  high  and  low  specific 
enthalpy,  respectively,  and  II  and  IV  are  high 
pressure,  also  with  respective  high  and  low 
enthalpies.  Free  stream  temperatures  are  calculated 


to  lie  between  about  500  and  1100  K  and  NO 
concentrations  are  quite  high,  lying  between  about 
1  and  8  x  1015  cm'3. 


3.2  The  heated  calibration  and  test  cell 

A  special  NO-containing  test  cell  was  designed 
and  constructed  to  carry  out  NO  spectroscopy 
measurements,  to  check  the  various  assumptions 
and  approximations  in  using  TLT,  to  carry  out 
time  resolved  measurements  on  NO  quenching  and 
to  check  imaging  techniques  when  using  2D 
spatially  resolved  PLIF  (Planar  LIF).  Several 
design  criteria  had  to  be  met:  1.  Temperatures 
encompassing  the  HEG  free  stream  range  -  the  cell 
can  be  heated  up  to  1300  K,  2.  NO  concentrations 
as  in  HEG  free  stream,  and  even  lower  to  check 
quench-free  conditions;  3.  Optical  access  through 
large  windows  to  permit  laser  beam  traversal  and 
imaging  of  2D  LIF  signals  using  image  intensified 
CCD  cameras  (ICCD’s);  4.  A  flow  system  to 
ensure  NO  in  the  test  volume  is  replenished 
regularly;  5.  Appropriate  gas  path  and  sizing  to 
make  sure  the  gas  temperature  is  as  high  as  the 
heated  ceramic  tubing  (where  the  thermoelement 
temperature  is  measured)  and  is  homogeneous;  6. 
Design  of  cell  geometry  to  enable  it  to  be  placed  in 
the  HEG  test  section  for  LIF  calibration  purposes. 
(5.  is  difficult  at  very  low  NO  pressures.)  The  test 
and  calibration  cell  is  shown  in  Fig.  8  in  position 
in  the  HEG  test  section. 
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The  view  is  shown  in  flow  direction  in  HEG.  The 
cell  is  introduced  via  a  trolley  into  the  test  section 
and  rotated  90°  so  that  both  windows  face  the  test 
section  openings  left  and  right.  Laser  beams  enter 
top  and  bottom.  More  details  on  the  test  cell  are  to 
be  found  in  Ref.  3. 

3.3  The  LIF  laser  apparatus  for  HEG 

The  LIF  apparatus,  as  used  on  HEG,  is  shown  in 
Fig.  9.  (It  is  described  in  more  detail  in  Ref.  1.) 


reference  cell.  Energy  momitors,  as  described  in 
chapter  3.3,  are  also  installed  here.  The  setup  with 
just  one  laser  is  shown  in  Fig.  10. 


OMA 


test  cell 


aperture 

d=4mm 


Fig. 9  The  HEG  LIF  apparatus. 


Two  formed  (e.g.  as  sheets)  laser  beams  from 
tunable  ArF  excimer  lasers,  operating  at  a 
wavelength  tunable  in  the  range  around  192.9  - 
193.9  nm,  counter  propagate  through  the  test 
section  in  the  vertical  direction.  Some  percentage 
of  each  beam  is  split  from  the  main  beam  and 
diverted  into  the  calibration  cell  for  spectroscopy 
checks  and  calibration  purposes.  A  small 
proportion  of  each  beam  is  also  split  off  and 
recorded  on  an  energy  monitor  (CCD  camera).  The 
lasers  are  thereby  tuned  to  appropriate  NO 
transitions  and  are  fired  one  after  the  other  with  a 
small  time  delay  (~|is),  and  the  ensuing 
fluorescence  is  imaged  with  a  UV  lens  either 
directly  onto  an  ICCD  for  2D  fluorescence  images 
or  onto  the  slit  of  a  spectrometer  coupled  to  an 
ICCD  (functioning  as  an  optical  multichannel 
analyser  OMA)  for  spectrally  resolved  images  (see 
images  (2)  and  (1),  respectively,  in  Fig.  9). 


3.4  The  LIF  laser  apparatus  for  the  test  cell 

Much  testing  of  TLT  for  HEG  was  carried  on  an 
HEG  mock-up,  consisting  of  the  calibration  cell 
discussed  in  chapter  3.2  representing  HEG  and  a 
further  simpler  test  cell  as  calibration  and 


Fig,  10  The  LIF  apparatus  for  tests  in  the 
calibration  cell. 


3.5  Filter  for  LIF  measurements  behind  shocks 


The  captured  NO  fluorescence  signals  after  laser 
excitation  at  -193  nm  extend  over  a  UV 
wavelength  range  of  about  193  -  300  nm.  To 
reduce  influences  in  HEG  from  emission  behind 
shocks  (see  chapter  4),  it  was  necessary  to  have 
special  optical  filters  made  which  are  tunable  over 
a  small  range  in  the  deep  UV,  have  high 
suppression  factors  (-106)  and  avoid  fluorescence 
signal  distortion  so  that  imaging  can  be  carried 
out.  The  compound  filters  consist  of  four 
reflection  interference  filters  in  a  configuration  as 
shown  in  Fig.  1 1 ;  by  varying  the  angle  a  over  the 
range  30  to  50°,  the  reflection  band  width  profile 
shifts  as  shown  the  figure,  lower  left.  The 
corresponding  change  of  the  measured 
fluorescence  spectrum  from  the  NO  laser-excited 


wavelength  [nm] 


v"=1  2  3  4 


wavelength  [nm] 


Fig.  11  Filter  to  reduce  background  radiation  in 
HEG  LIF  measurements. 
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transition  e(0,l)  R22(27.5)  for  these  filter  angles 
can  be  seen  to  the  right  of  the  figure. 

4.  EMISSION  SPECTRA  IN  HEG 


The  gas  temperature  in  the  shock-heated  region  in 
front  of  a  cylinder  at  enthalpies  of  22  MJ  kg'1  can 
be  as  high  as  9000  K.  The  gas  radiates  very 
strongly.  To  examine  this  emission,  and  to 
ascertain  what  needs  to  be  done  to  carry  out  LIF  in 
this  difficult  region,  emission  spectra  in  front  of  a 
cylinder  in  an  N2  flow  were  measured  over  a  set  of 
HEG  runs  at  high  enthalpy.  The  spectra  were 
normalised  and  packed  together  to  give  a 
composite  emission  spectrum  over  the  total 
wavelength  range  of  180  -  850  nm.  This  measured 
spectrum  is  shown  as  1  in  Fig.  12. 

Superimposed  (2)  is  the  NO  fluorescence  spectrum 
shown  in  Fig.  11  (not  to  scale),  with  an  arrow  (i) 
indicating  the  excitation  wavelength.  One  can  see 
that  at  wavelengths  above  about  220  nm  the 
emission  is  so  strong  that  it  would  make  extracting 
NO  fluorescence  signals  nigh  to  impossible.  The 
role  of  the  filters  discussed  in  chapter  3.5  and 
shown  in  Fig.  11  is  to  suppress  substantially  this 
emission  above  about  220  nm. 


Fig.  1 2  Emission  spectrum  (1)  of  radiating  gas 

behind  the  shock  in  front  of  a  cylinder  in  a 
high  enthalpy  N2flow  in  HEG.  An 
unsealed  NO  fluorescence  spectrum  is 
shown  for  comparison. 

If  one  can  identify  the  source  of  the  profuse 
emission  seen  in  Fig.  12  between  about  220  and 
600  nm,  one  may  be  able  to  reduce  it.  Fig.  13 


(upper  trace,  1)  shows  an  excerpt  from  the 
spectrum  in  Fig.  12  over  the  wavelength  range  of 
350  -  390  nm.  Shown  below  are  calculated  spectra 
for  iron  Fel  and  Fell  species  at  temperatures  of 
6000  (2a),  9000  (2b)  and  12000  K  (2c). 


Fig.  13  Measured  emission  spectrum  (1) 

compared  with  calculated  Fe  spectra  at 
different  temperatures:  2a.  6000  K;  2b. 
9000  K;  2c.  12000  K. 

The  coincidence  of  line  wavelengths  is  quite  good 
(e.g.  355  -  365  nm;  370  -  377  nm),  but  there  are 
clearly  unidentified  lines  still  present  (e.g.  379  nm; 
388  nm).  The  relative  insensitivity  of  the 
calculated  spectra  to  vast  changes  in  temperature 
suggests  that  the  technique  of  emission 
spectroscopy  is  not  suited  to  temperature 
determination  in  these  shock  heated  gases.  The 
abundance  of  Fe  lines  is  not  surprising;  in  any 
hypersonic  facility  at  high  enthalpies  there  is 
ablation  of  material  (in  HEG  in  the  shock  tube), 
which  is  carried  by  the  gas  flowing  through  the 
nozzle  and  into  the  test  section.  The  presence  of 
this  material  in  the  flow  is  an  unavoidable  evil  in 
shock  tunnels,  making  optical  work  difficult 
(depending  on  wavelength)  and  affecting  heat 
transfer  measurements  at  high  reservoir  pressures. 
The  effect  can  be  reduced  somewhat  by  using 
other  materials  than  steel  (the  source  of  Fe),  such 
as  copper  alloys,  but  generally  it  can’t  be  fully 
removed  and  has  to  be  contended  with. 


5.  LIF  RESULTS  FROM  THE  TEST  CELL 

The  spectroscopy  of  NO  after  laser  excitation  at 
193  nm  and  most  of  the  assumptions  and 
approximations  discussed  in  chapter  2.4  on  TLT 
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have  been  exhaustively  studied  using  an 
experimental  setup  as  shown  in  Fig.  10.  All  this 
work  will  be  exemplified  by  a  few  cases  to  be 
discussed  here;  much  more  detail  is  to  be  found  in 
Ref.  1. 


5.1  NO  spectroscopy 

A  glance  at  the  NO  molecular  energy  levels  in 
Figs.  1  and  2  shows  that  excitation  at  193  nm  is 
quite  complex.  Indeed,  over  the  tuning  range  of  the 
ArF  excimer  laser  (-193.9  -  192.9  nm  =  51575  - 
51850  cm'1),  some  400  transitions  have  been 
observed  and  identified  in  LIF  measurements  in 
the  test  cell  (Ref.  1).  Excitation  spectra  measured 
at  temperatures  300,  500,  700  and  1000  K  are 
shown  in  Fig.  14.  At  temperatures  below  500  K 
only  the  v=0  vibrational  state  is  appreciably 
populated,  so  that  the  (3(7,0)  (and  y(3,0)) 
transitions  predominate.  Above  500  K  the  £(0,1) 
and  y(4,l)  (and  at  even  higher  temperatures  even 
y(5,2))  transitions  become  stronger. 

The  transition  line  strengths  for  the  £-bands  are 
about  lOx  stronger  than  either  the  (3-  or  y-bands, 
making  them  a  logical  choice  for  single  shot  work 
in  HEG.  (Their  disadvantage  lies  in  their  quicker 
saturation  at  moderate  laser  power  densities.) 


Fig.  14  NO  excitation  spectra  at  various 
temperatures  ( upper  trace  -  laser  output  showing 
02  absorption  “holes  “). 


Having  identified  the  lines,  one  needs  to  establish 
the  major  criteria  for  suitable  candidates  for  TLT 
in  HEG: 

1 .  Laser  energy  -the  lines  must  lie  in  a  wavelength 
region  where  there  is  sufficient  laser  energy,  away 
from  02  absorption  bands; 

2.  Electronic  states  -  due  to  their  different 
fluorescence  yields,  these  should  be  the  same  for 
both  transitions; 

3.  Line  intensities  -  should  be  high  enough  to  be 
detected  in  single  shot  work,  i.e.  high  Einstein 
coefficients  and  sufficiently  populated  levels; 

4.  Single  lines  -  the  lines  should  consist  preferably 
of  just  one  transition; 

5.  Energy  separation  -  AE  between  the  two  lower 
quantum  levels  of  the  transitions  must  be  as  large 
as  possible  (see  chapter  2.4); 

6.  Vibrational  temperatures  -  can  only  be  obtained 
from  lines  having  different  lower  vibrational  levels 
(obvious,  but  not  trivial,  since  the  tuning  range  of 
the  lasers  is  very  limited). 

With  these  criteria,  and  taking  into  account  the  400 
identified  transitions,  not  too  many  candidates 
appear:  Two  line  pairs  were  chosen  for  TLT 
measurements  in  HEG,  one  for  rotational 
temperatures  Trot'- 

1.  £(0,1)  R22(27.5)  51696.2  cm'1 

2.  e(0,l)  (R21(17.5)  +  P„(35.5))  51636.5  cm'1 

and  the  other  for  vibrational  temperatures  Tvjb:- 

3.  y(3,0)  R„  +  Q21  (45.5)  51746.7  cm'1 

4.  y(4,l)  R„  +  Q21  (27.5)  51746.7  cm'1 

Wavenumbers  of  each  transition  are  shown.  The 
two  transitions  for  T^b  determination  are  exactly 
coincident,  so  that  both  transitions  are  excited  by 
the  one  laser  pulse. 

5.2  Fluorescence  signal  correction 

In  TLT  using  two  lasers  there  will  be  differences 
in  the  energy,  spatial  and  spectral  (!)  distribution 
of  the  two  laser  beams.  These  must  be  known  or 
measured,  and  used  to  correct  the  fluorescence 
signals.  145  separate  LIF  measurements  were 
carried  using  the  setup  of  Fig.  10  with  the  test  cell 
containing  100  Pa  NO  and  at  a  thermoelement 
temperature  Ttherm  of  980  K  for  each  of  the  two 
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transitions  1.  and  2.  identified  before  in  chapter 
5.1.  Fluorescence  signals  were  either  left 
uncorrected,  corrected  with  an  energy  monitor  or 
corrected  with  the  fluorescence  signal  obtained 
from  the  second  reference  cell  (with  500  Pa  NO 
and  Ttherm  =  610  K).  Each  of  the  fluorescence 
signals  from  the  one  transition  was  combined  with 
each  of  the  other  transition,  so  that  1452  (=21025) 
fluorescence  ratios  and  therefrom  temperatures 
could  be  determined.  These  are  plotted  as 
temperature  histograms  in  Fig.  15.  . 


Fig. 15  Temperature  histograms  for  corrected  and 
uncorrected  LIF  signals. 

Histograms  1,  2  and  3  pertain  to  correction  using 
reference  cell  fluorescence,  energy  correction  and 
no  correction,  respectively.  An  energy  correction 
alone  obviously  is  hardly  an  improvement,  so  that, 
especially  in  single  shot  work,  a  reference 
fluorescence  correction  is  mandatory. 


5.3  Fluorescence  reabsorption 

The  fluorescence  from  the  laser  excited  NO  in  the 
test  volume  must  usually  pass  through  regions 
containing  NO  which  can  reabsorb  the 
fluorescence,  hence  falsifying  the  signals.  Its  effect 
must  be  known.  To  examine  this,  transmission  of 
fluorescence  through  the  test  cell  at  various  NO 
densities  and  at  a  temperature  of  1050  K  was 
measured  for  emission  to  the  lower  vibrational 
levels  v"  =  1,  2,  3  and  4.  The  laser-excited 
transition  1.  (chapter  5.1)  was  used.  Results  are 
shown  in  Fig.  16,  where  fluorescence  normalised 
to  the  value  for  v"  =  4  is  plotted  against  NO 
density. 


Fig.  16  Normalised  fluorescence  versus  NO 

density  showing  reabsorption  effects  for 
lower  v”. 


One  sees  here  that  while  the  strong  reabsorption 
for  emission  to  v"  =  1,  even  at  low  densities, 
makes  fluorescence  measurements  to  this  level 
unsuitable  for  TLT,  fluorescence  to  levels  v”  =  3 
and  4  is  unaffected.  In  fact,  for  the  estimated  HEG 
NO  densities  lying  in  the  range  1  -  8  x  1015  cm'3 
(Fig.  7),  and  for  the  given  HEG  test  section 
geometry,  reabsorption  of  fluorescence  to  the 
levels  v"  =  2,  3  or  4  is  at  most  1%.  To  be  sure  of 
minimising  these  effects,  only  v"  =  3  and  4 
fluorescence  is  used  in  all  further  TLT  work. 


5.4  Linear  fluorescence 

Fig.  17  shows  reference  cell  corrected 
fluorescence  signals  in  the  test  cell  (setup  as  in 
Fig.  10)  at  three  temperatures  as  a  function  of  NO 
pressure  for  transitions  1.  (open  symbols)  and  2. 
(closed  symbols),  as  defined  in  chapter  5.1. 
Symbols:  circles  and  diamonds  refer  to 
measurement  of  fluorescence  transitions  D2X+(V'  = 
0)  -»  X2n(v”  =  3,4)  and  A2£+(v'  =  0)  ->  X2n(v"  = 
3,4).  Even  though  there  is  a  linear  relationship 
between  fluorescence  intensity  and  NO  density  in 
the  range  relevant  for  the  HEG  free  stream  (0.1  - 
0.8  x  1016  cm'3),  one  can  see  that  this  relationship 
is  not  held  at  higher  densities.  Here  quenching  and, 
especially  at  high  laser  power  densities,  ASE  (see 
chapter  2.3)  play  a  role. 

The  lesson  here  for  HEG  free  stream  TLT  work  is 
that  low  laser  power  densities  should  be  used,  even 
at  the  trade-off  of  spatial  resolution  (no  laser 
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sheets).  This  will  be  further  exemplified  in  chapter 
5.6. 


Fig.  1 7  Corf ected  fluorescence  signals  versus  NO 
pressure  for  three  temperatures  ( Ref  5). 


5.5  Quantum  yields 


Quantum  yield  was  defined  in  chapter  2.3  as 

A,, 

qF  =  - - ~r~ .  Fig.  18  shows  a  calculation  of  qF 

Aji  +  Q2i 

as  a  function  of  NO  density  for  three  temperatures 
for  the  states  D2£+  (v'  =  0)  and  A2X+  (v'  =  0). 
Literature  values  (see  Ref.  1)  for  quenching  cross 
sections  o(A)  =  44  A2  and  a(D)  =  83  A2  were 
used.  This  shows  that  qF[e(0,v")]  >  0.95  for  all 
temperatures  for  HEG  free  stream  NO 
concentrations. 


Fig.  1 8  Calculated  quantum  yields  for  NO  D  and 
A  states  versus  NO  density  at  three 
temperatures  ( Ref.  5). 


Even  if  qF  «  1,  a  glance  at  the  derivation  of  the 
equations  for  TLT  in  chapter  2.4  had  assumed  that 
qF,i  =  qF,2,  so  that  the  actual  values  of  qF  didn’t 
matter,  as  long  as  they  were  the  same  for  both 
states  |1>  and  |2>.  This  is  an  important  requisite 
for  use  of  TLT  as  used  here.  Unfortunately  very 
little  is  known  about  quantum  level  dependence  on 
quenching  of  these  NO  excited  states,  so  that  tests 
had  to  be  carried  out  to  determine  o(A)  and  a(D), 
using  our  familiar  transitions  1  and  2. 


Fig.  19  Apparatus  to  measure  NO  fluorescence 
lifetimes  and  quenching  using  a  streak 
camera. 


To  do  this,  the  experimental  setup,  shown  in  Fig. 
19,  coupled  the  test  cell  with  a  detection  system 
consisting  of  a  UV  lens,  a  spectrometer  and  a  fast 
streak  camera  capable  of  time  resolved 
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fluorescence  measurements  with  nanosecond 
resolution  (Ref.  4).  With  this  setup  time  resolved 
fluorescence  measurements  of  NO  at  two 
temperatures  (1157  and  1277  K)  and  various  gas 
pressures  (100  Pa-  20  kPa)  for  mixtures  of  NO  and 
N2  between  1  and  100%  were  carried  out.  Typical 
results  are  shown  in  Fig.  20. 


Fig. 20  NO  quenching  seen  in  different  time 

resolved  fluorescence  measurements  (see 
text). 


Here  the  horizontal  axes  represent  wavelength 
from  190  -  250  nm,  the  vertical  axes  time  from  0  to 
175  ns.  Upper  traces',  transition  1,  1227  K,  NO 
200  Pa  (left),  NO  1  kPa  (right).  Middle  traces : 
transition  2,  1157  K,  NO  500  Pa  (left),  NO  500  Pa 
+  N2  19.5  kPa  (right).  Lower  traces  (for 
comparison ):  transition  (3,0)  Rll  (43.5),  1157  K, 
NO  500  Pa  (left),  NO  500  Pa  +  N2  19.5  kPa  (right). 

Functions  of  the  form  flheor(t)  =  I0e  ^Tm'  +  B 
(Io  is  the  original  fluorescence  signal  intensity  at  t 
=  0,  Tnat  the  natural  fluorescence  lifetime  and  B  the 


background  signal)  were  fitted  to  the  experimental 
plots  in  Fig.  20  at  late  times  to  avoid  having  to 
carry  out  complex  deconvolutions  with  the  laser 
pulse  form  (f/elaser=  17  ns).  Fluorescence 

lifetimes  %  are  then  plotted  logarithmically  versus 
NO  pressure  (mbar)  (Stem-Volmer  plots),  from 
which  the  natural  upper  state  lifetimes  Tnat  and 
quenching  cross  sections  Gx  (X  =  NO,  N2)  can  be 
determined  (see  Ref.  4).  A  typical  Stem-Volmer 
plot  for  measurement  of  fluorescence  A2£+(v'  =  0) 
— >  X2n(v"  =  1,2)  after  excitation  using  transition  1 
at  temperature  1 157  K  and  with  pure  NO  is  shown 
in  Fig.  21.  The  following  table  shows  the  results 
for  Tnat,  Ono  and  cN2  for  the  D2I+  (v’  =  0)  state  for 
the  two  rotational  levels  J  =  27.5  and  17.5, 
obtained  from  an  analysis  of  a  multitude  of  Stem- 
Volmer  plots  as  in  Fig.  21. 


£(0,1)  R22(27.5) 

H30E3EESI 

1157  K 

1277  K 

1157  K 

1277  K 

t„at  (ns) 

16.5 

17.5 

20.7 

18.8 

<?NO  (A2) 

46 

64 

75 

62 

0N2  (A2) 

42 

42 

30 

50 

One  sees  that  oNo  and  Cn2  are  different  for  the  two 
rotational  levels!  Having  obtained  these 
experimental  values,  and  using  calculated  values 
of  NO  and  N2  concentrations  in  the  HEG  free 
stream,  one  can  now  finally  assess  the  inaccuracy 
introduced  by  the  assumption  qF,i  =  qF>2  made  in 
chapter  2.4.  The  quench  rate  of  NO  by  species  i  is 

given  by  Qn  =  J,  NiOl  v;  ,  where  N;  = 
£ 

concentration  of  species  i,  0j  =  quenching  cross 
section  and  V;  =  average  velocity  of  species  i 

( v;  =  ^SkT/7T/J,NO_j  ,  k  =  Boltzmann’s  constant,  T 

=  temperature,  pNo-i  =  reduced  mass  of  collision 
pair  NO  and  species  i).  Using  measured  values  of 
<tno  and  gN2  to  determine  Q2i  and  therefrom  qF, 
then  ratios  of  qF,i/qF,2  can  be  determined  for  the 
HEG  ran  conditions.  These  are  summarised  in  the 
following  table: 


HEG  condition 

I 

II 

III 

IV 

qF,i/qF>2 

500  K 

1.05 

1.08 

1.05 

1.09 

1157  K 

1.08 

1.12 

1.08 

1.12 

1277  K 

1.08 

1.13 

1.09 

1.13 
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It  can  be  seen  here  that  the  assumption  that  qF,i  = 
qF,2  would  lead  to  errors  in  forming  fluorescence 
ratios  of  about  5  -  13%;  in  the  best  case,  one  can 
ignore  this  effect  and  accept  the  larger  error,  in  the 
worst  a  correction  for  qF,i/qF,2  would  need  to  be 
made. 
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Fig.21  Stern-Volmer  plot  for  NO  A  —>X 
fluorescence  at  1157  K. 


22,  where  percent  transmission  for  the  two 
transitions  1  (open  circles)  and  2  (filled  circles) 
are  plotted  for  eight  shots  in  sequence  of 
performance  in  HEG  at  low  (~40  MPa)  and  high 
(-100  MPa)  pressure  conditions.  (The  high 
pressure  conditions  are  identified  in  the  figure 
with  Roman  numerals  II  and  IV.) 


1  39  1  40  1  41  1  42  1  43  1  44  1  45  1  46 

HEG  shot 


Fig.22  A  sequence  of  HEG  shots  showing 
reducing  transmission  due  to  flow 
contamination. 


5.6  Laser  beam  transmission 

Absorption  of  the  laser  beam  on  its  path  to  the  test 
volume  not  only  falsifies  results,  but,  if  severe 
enough,  can  reduce  fluorescence  signals  to  below 
detectable  levels.  Laser  beam  transmission 
measurements  for  transitions  1  and  2  in  the  test 
cell  with  NO  densities  below  1  x  1016  cm'3  and  at 
the  highest  temperature  (1150  K)  showed  that 
there  is  a  negligible  effect.  This  is  mainly  due  to 
the  use  of  NO  transitions  arising  from  high 
vibrational  (v"  =  1)  and  rotational  (J"  =  17.5,  27.5) 
levels,  which,  even  at  1150  K,  are  thermally  not 
strongly  populated  (see  chapter  2.2).  This  is  one 
advantage  of  using  e-band  rather  than  y-band 
excitation  of  NO  -  the  latter  originates  from  the  v" 
=  0  level,  where  considerable  laser  beam 
absorption  occurs. 

There  is  another  source  of  laser  beam  extinction 
which  causes  problems  -  scattering  by  particulate 
matter  in  the  flow.  This  is  a  typical  problem  with 
high  enthalpy  facilities  and  was  referred  to  before 
(chapter  4)  as  producing  the  strong  emission 
behind  shocks.  Its  effect  is  the  same  as  that  due  to 
absorption  -  less  of  the  laser  beam  reaches  the  test 
volume.  This  is  illustrated  most  graphically  in  Fig. 


At  the  first  shot  (#139)  transmission  was  only 
about  55%,  and  by  the  last  shot  (#146)  it  was 
almost  down  to  0%.  The  drastic  effect  of  high 
pressure  shots  can  also  be  seen;  the  transmission 
drops  rapidly.  This  correlates  with  the  findings 
that  ablation  of  materials  in  the  tunnel  is  much 
greater  with  high  pressure  shots.  LIF 
measurements  at  these  high  pressures  are  most 
difficult,  either  one  needs  to  measure  transmission 
in  situ,  or  choose  test  times  very  early  in  the  flow 
before  the  contamination  arrives. 


5.7  Saturation  of  fluorescence 

If  one  pumps  an  NO  transition  too  hard  (laser 
power  density  is  too  high  and/or  quantum  level 
population  is  very  low  and/or  transition  moments 
(Einstein  coefficients)  are  very  large),  it  is  possible 
to  empty  the  level  during  the  time  of  the  laser 
pulse,  so  that  further  incoming  photons  don’t  lead 
to  a  further  excitation  of  NO.  The  linear 
dependence  between  fluorescence  signal  and  laser 
power  no  longer  holds,  and,  in  the  worst  case, 
further  increases  in  laser  power  lead  to  no  further 
fluorescence  signal  increase  -  complete  saturation 
has  occurred.  Our  transitions  1  and  2  have  Einstein 
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B  coefficients  of  999  and  406  cm  J'1  ,  respectively, 
and  both  rotational  levels  J"  =  17.5  and  27.5  are 
quite  high  and  therefore  not  highly  populated  (see 
Fig.  4).  Therefore,  at  higher  laser  power  densities, 
one  may  expect  saturation  effects  to  occur,  more 
so  for  the  transition  1  than  2.  This  is  indeed  the 
case,  as  is  shown  in  Fig.  23  (from  Ref.  5),  where 
fluorescence  signal  measured  in  the  test  cell  (1100 
K  with  500  Pa  NO)  is  plotted  against  laser  energy 
density  for  both  transitions  1  and  2  (for 
comparison,  the  dashed  line  shows  the  expected 
behaviour  for  linear  LIF). 


Fig.23  Fluorescence  signal  vs.  laser  energy 
density  for  NO  at  1100  K  and  500  Pa  (Ref.  1). 

Deviation  from  linear  LIF  starts  to  become  severe 
at  energy  densities  above  about  10  J  m2  (which 
corresponds  to  a  laser  power  density  of  -700  MW 
m'2).  To  avoid  saturation  effects,  energy  densities 
below  this  value  should  be  used.  The  trade-off  for 
linear  LIF,  especially  for  transition  2,  is  the 
reduced  fluorescence  signal  intensity,  which  may 
be  critical  with  single  shot  TLT  in  environments 
such  as  HEG  where  signals  are  quite  weak 
anyway. 

5.8  Fluorescence  signal  Boltzmann  plots 

Armed  with  what  has  been  learnt  so  far,  the  best 
proof  of  TLT  in  the  test  cell  is  to  plot  fluorescence 
signal  ratios  for  transitions  1  and  2  logarithmically 
against  inverse  temperature  (Boltzmann  plot)  -  the 
slope  should  be  equal  to  AE/k,  where  AE  is  the 
energy  separation  of  the  two  energy  levels  from 


which  excitation  occurred.  For  our  transitions  1 
and  2,  AE/k  =  1310  K.  Fluorescence  measurements 
were  carried  out  (Ref.  5)  at  four  different  NO 
concentrations  nNo  (1,  3,  5  and  8  x  1015  cm3)  and 
with  5,  10  and  100%  NO/N2  mixtures.  Boltzmann 
plots  are  shown  in  Fig.  24  for  only  two  nNo  (upper 
plot  -  nNO  =  3  x  1015  cm'3;  lower  plot  -  nN0  =  8  x 
1015  cm'3).  Lines  of  best  fit  for  each  mixture  are 

1000  800  600 


Fig.24  Boltzmann  plots  for  two  NO  densities 
( upper  -  3 x  1015  cm3;  lower  -  8x  10! 5 
cm'3)  and  different  NO/N2  percentages. 
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shown,  as  is  the  expected  result  with  the  slope  believed  to  lie  above  Tmns;  vibrational  relaxation 

1310  K.  Deviations  can  be  seen  to  be  larger  for  the  freezes  early  in  the  nozzle  flow, 

higher  nNQ. 


If  one  now  plots  the  slopes  of  the  fitted  lines  in 
Fig.  24  for  each  mixture  as  slope  (in  K)  versus  NO 
density,  one  obtains  the  result  in  Fig.  25.  This 
encouraging  result  shows  that  over  the  nNO  range  1 
-  8  x  1015  cm'3  (HEG  free  stream),  the  deviation 
from  1310  K  is  quite  small  for  5  and  10%  mixtures 
(which  also  corresponds  to  the  HEG  case).  The 
100%  mixture  result  lies  furthest  from  the 
expected  line;  the  reasons  are  not  clear,  but  may  be 
due  to  experimental  difficulties  in  dealing  with 
low  gas  pressures  in  the  test  cell  and 
concommitant  uncertainties  in  the  temperature. 


Fig.25  Measured  Boltzmann  plot  slopes  from  Fig. 
24  versus  NO  density  at  different  NO/N2 
percentages. 


6.  LIF  RESULTS  IN  HEG  -  FREE  STREAM 
FLOW 


6.1  Rotational  temperature  Trot 

Using  the  experimental  setup  shown  in  Fig.  9,  and 
with  the  two  detection  systems  (one  for  each  laser) 
configured  as  OMA’s,  spectrally  resolved 
fluorescence  spectra  were  obtained  in  the  HEG 
free  stream  at  various  run  conditions  after  laser 
excitation  of  NO  using  transitions  1  and  2. 
Measured  fluorescence  spectra  are  shown  as 
fluorescence  intensity  in  counts  against 
wavelength  for  transition  1  (left  hand  side)  and  2 
(right  hand  side)  in  Fig.  26.  Also  indicated  are  shot 
conditions  (I  -  IV  -  see  Fig.  7)  and  shot  numbers 
139  -  146. 
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Fig.  26  Measured  NO  fluorescence  spectra  in 
HEG  for  eight  shots  at  four  conditions. 


LIF  measurements  were  carried  out  in  the  HEG 
free  stream  flow  with  various  run  conditions  to 
determine  rotational  and  vibrational  temperatures 
using  TLT.  Trot  is  of  interest  since  it  represents  the 
“inner*1  temperature  most  likely  to  mirror  the  gas 
translational  temperature  T^,  which  is  difficult  to 
measure  with  any  accuracy  by  other  means 
(although  line-of-sight  absorption  techniques  using 
laser  diode  absorption  of  NO  and  of  a  seed  species 
rubidium  have  delivered  translational 

temperatures,  albeit  only  to  an  accuracy  of  ±20%  - 
see  Ref.  6).  For  TVib,  based  on  nozzle  flow 
calculations  using  a  simple  Landau-Teller 
approach  for  vibrational  relaxation  of  NO,  Tvib  is 


These  results  were  analysed  using  the  method 
outlined  in  chapter  2.4  for  TLT  to  yield  Trot  in  the 
HEG  free  stream,  as  shown  in  the  following  table: 


shot 

cond 

Po 

(MPa) 

ho 

(MJ 

kg'1) 

Nno 

(101S 

cm'3) 

Ttheor 

(K) 

Trot 

(K) 

139 

I 

38.8 

21.8 

0.96 

763 

710 

140 

III 

44.7 

13.2 

3.85 

552 

620 

141 

II 

84.9 

22.7 

2.61 

1026 

* 

142 

I 

38.8 

21.0 

1.10 

791 

980 

143 

III 

40.0 

12.0 

3.86 

475 

630 

144 

IV 

105 

11.6 

1.04 

559 

* 

145 

II 

68.3 

21.0 

2.48 

903 

* 

146 

IV 

97.3 

14.4 

7.63 

703 

480 

(*  temperature  evaluation  not  possible.) 
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Reservoir  pressure  po  and  Trot  were  measured, 
specific  enthalpy  h0,  NO  concentration  Nno  and 
temperature  Ttheor  were  calculated  using  a  chemical 
non-equilibrium  computer  code  for  nozzle  flows 
(see  Ref.  1).  The  agreement  between  Trot  and  Ttheor 
is  not  good,  there  being  scatter  in  both  directions. 
The  main  reason  for  this  is  that  these 
measurements  were  performed  before  the 
substantial  tests  on  TLT  in  the  test  cell  (chapter  5) 
had  been  carried;  these  latter  tests  were  indeed 
triggered  by  the  poor  agreement  between  measured 
and  theoretical  temperature  results. 


laser  to  51746.7  cm"1.  This  is  shown  pictorially  in 
Fig.  27  in  an  energy  level  diagram  which  includes 
the  rotational  manifolds. 

The  measured  fluorescence  spectrum  Fy(A)  is  made 
up  of  the  sum  of  components  from  the  A2E+  (v'  = 
4)  and  A2I+  (v'  =  3)  upper  states,  F^y)  (A )  and 

Fyl 3,v")(^)»  respectively,  weighted  with  linear, 
temperature-dependent  factors  p'(T)  and  a'(T): 

Fy(X)  =  a  '(T )F«?0  +  '(T)Fy2745v,,. 


6.2  Vibrational  temperature  Tvib 

As  mentioned  in  chapter  5.1,  there  is  a  chance 
overlap  of  two  NO  transitions,  one  originating  in 
the  v"  =  0,  the  other  in  the  v"  =  1  vibrational  states: 

3.  y(3,0)  R„  +  Q2i  (45.5)  51746.7  cm"1 

4.  7(4,1)  R11  +  Q21  (27.5)  51746.7  cm"1 

Both  transitions  3  and  4  are  excited  by  tuning  the 
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Since  the  two  transitions  3  and  4  are  coincident,  it 
is  not  possible  to  measure  them  separately. 
However,  neighbouring  transitions  from  the  same 
band  can  be  used  to  measure  similar  single  line 
spectra  at  various  temperatures  in  the  test  cell, 
from  which  the  factors  oc'(T)  and  P'(T)  can  be 
determined.  A  further  complication  is  the  possible 
difference  (thermal  non-equilibrium)  between  Trot 
and  T^b  in  HEG  (in  the  test  cell  they  are  the  same, 
of  course).  The  relative  population  £(TVib,  Trot)  of 
the  two  lower  (v",J")  states,  X2II(v"  =  1,  J"  =  27.5, 
Fi  and  X2n(v"  =  0,  J"  =  45.5,  Fi  is  related  to  Tvib 
and  Trot  by  the  following  equation  (where  the 
constant  is  to  be  determined  from  the  test  cell 
calibration  measurements  at  different 
temperatures): 


mb,Trol)  = 


/(v  =  l,/  =  27.5,F1) 
/(v  =  0,7  =  45.5,  F,) 
P(T) 


=  const. 


a(T) 


=  0.61  •  e 


A£y jb  |  AE,0 
kTvih  kTrol 


Fig.  28  shows  a  calculation  for  Trot  =  800  K  and 
various  Tvlb  between  800  and  2500  K,  where  one 
can  see  how  the  fluorescence  spectra  change.  Also 
indicated  in  the  figure  with  two  arrows  (4)  are  two 
fluorescence  lines,  one  being  sensitive,  the  other 
insensitive  to  temperature  variation. 


Fig.  27  Chance  overlap  of  two  NO  transitions 
used  for  vibrational  temperature 
determination  (Ref.  1). 


A  comparison  between  a  measured  fluorescence 
spectrum  in  the  HEG  free  stream  and  one 
calculated  using  the  above-described  method  is 
shown  in  Fig.  29.  The  arrow  (-i)  shows  the 
excitation  wavelength. 
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Fig.28  Calculated  NO  fluorescence  spectra  at  Trot 
=  800  K  at  various  vibrational 
temperatures. 


The  agreement  between  measured  and  calculated 
spectra  is  quite  good.  From  this  fit  a  value  for  the 
relative  populations  of  both  levels  could  be 
determined: 


£(Tvib,  Trot)  =  0.7  ±  0.2. 


wavelength  [nm] 

Fig.29  Comparison  between  measured  (in  HEG) 
and  calculated  NO  fluorescence  spectra 
obtained  from  simultaneous  excitation  by 
one  laser. 


If  Trot  were  known  in  HEG,  then  could  be 
determined.  Since  both  for  the  present  must  be 
treated  as  unknowns,  one  can  represent  this  result 
pictorially  as  a  contour  plot  of  ^(Tvib,  Trot)  as  a 
function  of  Tvib  and  Trot.  This  is  done  in  Fig.  30. 


Fig.  30  Contours  of  relative  populations  %(Tvib, 
Tm)  as  a  function  ofTvib  and  Trot. 


In  this  figure  a  family  of  contours  for  values  of 
^(Tvib,  Trot)  lying  between  0.03  (Trot  »  Tvib)  and 
100  (Trot  «  T^b)  has  been  plotted.  The  thermal 
equilibrium  case,  Tvib  =  Trot,  is  plotted  as  a  straight 
line,  along  with  an  inserted  spectrum  for  the  case 
Trot  =  Tv*  =  800  K.  The  grey  region  labelled  HEG 
represents  the  result  as  measured  (0.7  ±  0.2)  with 
no  assumption  regarding  the  value  of  Trot.  If  one 
assumes  Trot  =  800  K,  the  error  bar  (I — I)  represents 
the  range  of  measured  and  predicted  values  of  TVjb. 
The  symbols  in  the  figure  for  (Tvib,Trot)  represent 
values  calculated  by  various  workers  (see  Ref.  1) 
for  NO,  02  and  N2  vibrational  non-equilibrium  -  all 
predict  Tvib  »  Trot.  For  comparison,  the  calculated 
fluorescence  spectrum  for  the  case  where  Tvib  - 
3500  K  and  Trot  =  800  K  is  inserted  in  the  figure. 
Here  values  for  £(Tvib,  Trot)  would  lie  between  5 
and  100  (!),  which  is  well  above  the  measured 
value  of  0.7  ±  0.2.  Although  the  results  would 
seem  to  indicate  thermal  equilibrium,  there  are 
some  reservations:  above  all,  only  two  levels  with 
two  low  v"  (with  small  Av")  and  two  high  J"  (with 
large  AJ")  could  be  interrogated.  Whether  these  are 
representative  of  the  distribution  over  all  levels  is 
not  known.  Furthermore  it  is  known  that  non¬ 
equilibrium  distributions  amongst  vibrational  and 
rotational  levels  exist  in  rapidly  expanding  gas 
flows  (see  Ref.  1). 
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7.  LIF  RESULTS  IN  HEG  -  MODEL  FLOWS 


Many  LIF  measurements  have  been  carried  out  in 
HEG,  leading  either  to  spectrally-resolved 
fluorescence  spectra  or  2D  field  measurements  of 
fluorescence.  The  former  have  been  used  to  study 
the  free  stream  and  also  to  ascertain  how  to  obtain 
sufficient  fluorescence  signals  from  behind  strong 
shocks;  the  latter  have  yielded  information  on  flow 
visualisation  (shock  positions)  and  2D  resolved 
temperature  field  measurements  around  models  in 
the  HEG  test  flow.  The  results  of  tests  with  these 
models  -  HERMES  space  glider,  cylinder,  sphere, 
blunted  cone  (planetary  probe)  and  the  Japanese 
space  glider  HOPE  (HE  orbital  plane)  -  are 
presented  here. 


7.1  HERMES  -  European  space  glider 


laser  sheet 


Fig. 31  LIF  measurements  on  HERMES  in  HEG 
(condition  II). 


This  configuration  affords  a  ID  spatial  resolution 
along  the  slit.  In  the  results  of  these  measurements 
for  an  HEG  shot  at  condition  n,  four  regions  can 
be  identified,  as  shown  in  Fig.  31  in  the 
experimental  setup  and  in  the  experimental  results 
(right  hand  side):  1.  Region  of  shock  heated  gases 
where  laser  is  blocked  by  model;  2.  Behind  the 
shock  with  laser  excitation  of  NO;  3,  In  the  free 
stream,  with  laser  beam;  4.  In  the  free  stream,  no 
laser  beam.  (The  experimental  result  is  an  image, 
as  recorded  on  the  ICCD  camera,  with 
spectrometer  dispersion  (i.e.  wavelength)  in  the 
vertical  direction  and  spatial  resolution  (along  the 
slit)  in  the  horizontal.)  The  expected  NO 
fluorescence  spectrum  can  clearly  be  seen  in 
region  3,  whereas  region  2  is  harder  to  resolve. 

By  laying  vertical  profiles  through  the  regions  1,  2 
and  3  for  the  result  shown  in  Fig.  3 1  and  for  two 
other  HEG  shots,  the  spectra  shown  in  Fig.  32 
were  obtained. 


Fig. 32  Spectra  from  HERMES  for  regions  1,  2 
and  3  (see  Fig.  31)  for  three  HEG  shots. 


In  the  late  1980’s  and  early  1990’s  HERMES  was 
a  joint  European  development  for  a  space 
transporter.  Tests  with  models  were  carried  out  in 
HEG  at  conditions  I  and  II.  One  laser,  formed  to  a 
sheet,  was  made  to  pass  in  front  of  the  model, 
tuned  to  a  strong  NO  absorption  line.  The 
fluorescence  emission  was  captured  with  a  UV 
lens  and  focussed  onto  the  OMA  entrance  slit  (as 
in  Fig.  9),  which  was  placed  transverse  to  the 
sheet.  Fig.  31  (left  hand  side)  shows  the 
experimental  setup. 


Shots  81,  82  and  84  were  at  conditions  I,  I  and  II, 
respectively.  Camera  gates  were  between  30  and 
50  ns.  Laser  excitation  occurred  at  the  line 
wavelength  shown  in  the  top  right  hand  spectrum 
by  a  vertical  arrow  (-1).  In  shots  82  and  84  (and 
less  so  in  81)  one  can  clearly  see  the  NO 
fluorescence  spectrum  after  exciting  transition  1  in 
region  3.  For  all  three  shots  there  is  no  indication 
of  a  fluorescence  signal  in  region  2  at  those 
wavelength  positions  (indicated  by  dashed  lines) 
where  it  should  occur.  There  are  a  few  possible 
reasons  for  this:  first,  the  very  limited  resolution 
afforded  by  the  OMA  setup  (slit  width  was  280 
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|xm)  coupled  with  the  very  small  shock  stand-off 
distance  (<3  mm)  in  the  stagnation  region  in  front 
of  HERMES  may  prevent  the  weak  fluorescence 
lines  from  being  seen.  Secondly,  at  the  higher 
densities  behind  the  shock,  fluorescence  quenching 
would  also  play  a  more  major  role.  Finally,  the 
strong  emission  behind  shocks  (see  chapter  4)  may 
mask  any  weak  NO  fluorescence  signals.  To 
overcome  the  spatial  resolution  problem,  tests  with 
a  cylinder  having  a  larger  shock  stand-off  distance 
were  carried  out. 


7.2  Circular  cylinder 


A  cylinder  with  diameter  90  mm  and  length  500 
mm  was  placed  in  the  flow  with  its  axis 
perpendicular  to  the  flow  direction.  The  optical 
set-up  was  identical  to  that  shown  for  HERMES 
(chapter  7.1).  Laser  excitation  occurred  either  via 
transition  1  or  2,  or  via  a  strong  group  of  mixed 
lines  (e(0,l)  Q„(32.5)  +  P21(32.5)  +  R21(21.5)  + 
Rn(26.5)  +  Q21(26.5)).  Gates  were  either  50  or  300 
ns.  The  experimental  set-up  and  one  of  the 
recorded  results  (shot  236,  group  of  lines,  150  mJ, 
50  ns  gate)  are  shown  in  Fig.  33. 


Fig. 33  LIF  measurements  on  a  cylinder  in  HEG. 


Here  five  regions  are  identified,  the  free  stream 
flow  region  with  laser  beam  (region  3.  In  Fig.  31) 
being  further  split  into  two  regions.  In  region  3, 
even  though  one  can  see  the  NO  fluorescence 
lines,  they  start  to  become  overlapped  with 
background  emission  at  the  higher  wavelengths. 
For  two  shots  235  (transition  1,  laser  energy  50 
mJ,  300  ns  gate)  and  236  (group  of  lines,  150  mJ, 


50  ns),  vertical  spectral  profiles  for  regions  2,  3 
and  4  are  shown  in  Fig.  34. 


Fig.  34  Spectra  from  the  cylinder  for  regions  2.,  3. 
And  4.  (see  Fig.  33)  for  two  HEG  shots. 


Region  2  in  both  shots  235  and  236  is  sooner  or 
later  saturated  (commencing  at  position  of  vertical 
arrow  t);  even  before  saturation,  no  fluorescence 
lines  are  to  be  seen.  One  reason  for  this  is  the 
width  of  the  laser  sheet  (0.5  mm)  relative  to  the 
integrated  length  over  which  the  background 
emission  is  seen  (500  mm).  Even  the  small  camera 
gate  of  shot  236  was  not  sufficient  to  improve 
significantly  the  fluorescence-to-background 
emission  ratio.  Region  3  for  shot  236  shows  the 
free  stream  florescence  lines,  as  in  region  4,  but 
overlapped  especially  at  higher  wavelengths  with 
the  background  emission  of  region  2,  even  though 
one  is  in  front  of  the  shock!  The  region  2  emission 
is  so  overpowering  and  intense  that  it  either 
scatters  off  matter  in  the  free  stream  upstream  of 
the  shock,  or  by  blooming  or  other  optical  effects 
extends  into  the  upstream  region.  Due  to  its  long 
integration  length  and  the  narrow  laser  sheet 
depth,  the  cylinder  is  not  suited  for  LIF  behind  the 
shock. 


7.3  Sphere 

To  reduce  the  long  integration  lengths  of  the 
cylinder  (chapter  7.2)  and  increase  the  laser  depth, 
sphere  (radius  80  mm)  tests  with  expanded  laser 
beams  were  carried  out.  Three  shots,  all  at 
condition  I,  all  with  one  laser  (90  mJ)  fixed  on  the 
group  of  lines  (see  chapter  7.2)  and  with  gates 
from  5  to  20  ns  were  carried  out.  In  shot  259  the 
laser  sheet  was  focussed  to  a  sharp  waist,  in  260 
and  261  the  beam  was  expanded  to  a  size  of  50  x 
21  mm2,  with  the  50  mm  being  in  the  direction  of 
integration  with  the  cameras.  This  is  shown  in  Fig. 
35,  side-on  view  top  right,  and  front-on  view 
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bottom  left.  Two  OMA  slit  configurations  were 
used,  one  transverse  to  the  laser  beam  (as  in  Figs. 
31  and  33),  and  one  along  the  beam  direction. 


y-separation 


Fig. 35  LIF  measurements  on  a  sphere  in  HEG 
using  two  different  OMA  slit  alignments. 


The  results  for  shot  261  are  also  shown  for  both 
OMA  configurations,  where,  in  both  cases,  one 
can  see  NO  fluorescence  behind  the  shock.  This  is 
especially  evident  where  the  slit  is  in  laser  beam 
direction,  where  fluorescence  from  the  free  stream 
can  also  be  clearly  seen.  This  is  the  first  recorded 
case  of  measured  NO  fluorescence  behind  a  strong 
shock  at  high  enthalpies. 

Spectral  profiles  for  the  free  stream  (1),  for  the 
transition  region  between  free  stream  and  shock  in 
the  slit  configuration  along  the  beam  (2),  as  in  (2) 
but  in  the  shock  region,  and  with  slit  configuration 
transverse  to  the  laser  beam  (4)  are  shown  for 
shots  259  (thin  line),  260  (medium  line)  and  261 
(bold  line)  in  Fig.  36.  Downward  arrows  (i) 
indicate  onset  of  partial  camera  saturation. 
Asterisks  (*)  indicate  spectral  regions  where  the 
emission  is  largely  due  to  the  background 
emission. 


stagnation  region 


normal  to  laser  beam  (4) 


200  220  240  260 

wavelength  [nm] 


Fig. 36  LIF  spectral  profiles  for  the  four  regions 
in  three  HEG  shots. 


These  spectra  show  all  too  clearly  the 
disadvantage  of  focussed  (shot  259)  compared 
with  defocussed  (shots  260  and  261)  laser  beams. 
An  improvement  in  NO  fluorescence/background 
emission  intensity  ratio  by  about  a  factor  of  20  was 
chiefly  due  to:  1.  Defocussing  the  laser  beam;  2. 
Using  a  strong  group  of  excitation  lines;  3.  Using 
very  short  camera  gates;  4.  Use  of  a  sphere  rather 
than  a  cylinder. 

These  tests  were  carried  out  with  just  one  laser,  so 
that  an  attempt  at  TLT  could  not  be  undertaken. 
Furthermore,  to  use  TLT  behind  a  shock  with 
temperatures  of  over  6000  K,  the  presently 
available  transitions  1  and  2  with  their  small  AE/k 
value  of  only  1310  K  are  not  suitable.  Other 
transitions  are  needed,  and  since  these  are  not 
accessible  to  the  tunable  ArF  excimer  lasers,  other 
lasers  will  need  to  be  used. 


7.4  Blunted  cone  (planetary  probe) 

The  blunted  cone  represents  the  forebody  shape  of 
a  planetary  probe.  LIF  was  used  (Ref.  7)  to 
examine  the  flow  wakes  behind  the  cone;  these  are 
regions  of  interest  since  it  is  here  that  sensitive  and 
delicate  instrumentation  is  placed.  There  is  also 
some  concern  regarding  the  influence  of  the  model 
holder  (sting)  on  the  wake  flow.  The  set-up  for 
TLT  measurements  behind  the  cone  is  shown  in 
Fig.  37.  A  shear  layer  separates  the  strong 
expansion  at  the  edge  of  the  cone  from  a  re¬ 
circulation  region  in  the  comer  formed  by  cone 
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Fig.  37  Experimental  setup  for  LIF  measurements 
in  the  wake  of  a  blunted  cone  in  HEG. 


rear  surface  and  sting.  This  shear  layer  impinges 
on  the  sting,  where,  to  turn  the  flow,  a  weak  re¬ 
compression  shock  is  formed.  PLIF  measurements 
were  performed  in  this  region  of  the  re¬ 
compression  shock,  with  the  configuration  as 
shown.  (Early  tests  in  the  region  immediately 
behind  the  cone  were  not  successful,  even  with  the 
use  of  filters,  due  to  the  very  strong  background 
emission  from  behind  the  bow  shock  -  at  that 
stage,  the  methods  leading  to  the  successful  results 
behind  the  sphere  shock  were  not  yet  known.) 

A  2D  temperature  plot  and  profile  for  the  region 
shown  in  Fig.  37  is  shown  for  shot  220  (condition 
HI,  test  gas  30%  N2  +  70%  C02)  in  Fig.  38. 

One  can  faintly  see  the  shock  position  in  the  inset 
2D  image  (the  shock  is  weak,  the  gas  is  quite 
“cold"  and  NO  concentrations  are  quite  low,  so 
that  fluorescence  signals  are  very  weak,  leading  to 
low  S/N  ratios  are  therefore  poor  signal  quality). 
For  the  temperature  determination  a  value  of  1000 
K  has  been  assumed  for  the  region  upstream  of  the 
shock  -  this  value  has  been  obtained  from 
calculations.  Given  this  assumption,  the  LIF 
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Fig.  38  Visualisation  of  the  compression  shock  in 
the  wake  of  the  blunted  cone  and 
evaluation  of  a  temperature. 


measurement  shows  that  there  is  about  a  1.6 
temperature  jump  across  the  shock. 


7.5  Japanese  HII  Orbital  Plane  (HOPE) 


Fig.  39  Experimental  setup  for  LIF  measurements 
on  the  HOPE  power  delta  model. 


PLIF  measurements  were  carried  out  (Ref.  1,  4,  7, 
8)  on  power  delta  and  double  delta  shaped  models 
as  candidate  shapes  for  the  Japanese  space  glider 
HOPE.  (This  work  was  performed  under  contract 
to  Kawasaki  Heavy  Industries.)  Model  angle  of 
attack  was  35°,  three  yaw  angles  of  +3°,  0°  and  -3° 
were  used,  run  conditions  were  I,  II  and  IV,  and 
laser  transitions  1  and  2  were  used  in  a  two-laser 
set-up  (Fig.  9)  to  record  2D  NO  fluorescence 
images.  The  experimental  set-up  for  LIF  for  the 
power  delta  model,  showing  the  configuration  of 
the  two  laser  sheets  and  the  two  ICCD’s,  is  given 
in  Fig.  39. 
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Here  the  laser  sheets  are  brought  in  parallel  to  the 
flow  direction  just  above  the  wing  tip  fins.  Typical 
flow  visualisation  LIF  images  from  both  cameras 
(transitions  1  and  2)  at  yaw  angles  p  of  -3°  (shot 
198,  condition  IV)  and  +3°  (shot  200,  condition  II) 
are  shown  in  Fig.  40.  The  relative  placement  of  the 
shock  to  the  wing  tip  fin  as  P  is  changed  can 
readily  be  seen. 

The  experimental  set-up  here  doesn’t  allow  both 
laser  beams  to  probe  the  same  region  of  the  flow 
(see  Fig.  39).  Hence,  to  do  TLT,  one  must  either 
do  repeat  shots  and  hope  for  shot  reproducibility, 
or  use  two  symmetrical  (P  =  0°)  regions  in  the  one 
shot,  and  hope  for  flow  homogeneity.  Here  the 
latter  was  chosen.  A  2D  result  for  shot  195 
(condition  I)  for  Tr0,  in  the  vicinity  of  the  power 
delta  wing  tip  fin  is  shown  in  Fig.41a  and  a  plot  of 
temperature  as  a  function  of  distance  from  the 
shock  front  is  shown  in  Fig.  41b. 
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distance  from  shock  front  8  [mm] 

FigAlbTemperature  jump  across  the  shock  shown 
in  Fig.  41a. 

To  obtain  these  temperature  values,  a  free  stream 
value  of  Trot  of  700  K  (based  on  calculations  for 
this  condition)  has  been  assumed. 


shot  198 


Fig.40  LIF  flow  visualisation  for  yaw  angles  +3 
and  -3  °for  the  power  delta  model. 


Fig.41a2D  temperature  measurement  using  LIF  in 
the  vicinity  of  the  HOPE  power  delta  wing 
tip  fin. 


A  double  delta  model  was  also  tested,  but  with  a 
different  laser  beam  configuration  -  here  the  laser 
beam  was  brought  to  pass  just  upstream  of  the 
wing  leading  edge,  which  meant  that  the  laser 
beam  and  therefore  the  cameras  had  to  be  tilted. 
This  is  shown  in  Fig.  42. 


Fig.  42  Experimental  setup  for  LIF  measurements 
on  the  HOPE  double  delta  model. 


Typical  results  are  shown  in  Fig.  43  for  two  shots 
at  two  different  yaw  angles:  shot  204  (condition  I, 
p  =  0°)  and  201  (condition  I,  P  =  +3°). 

The  shock  stand-off  distance  from  the  wing 
leading  edge  as  a  function  of  P  was  measured  over 
many  HEG  runs  (shots  201  to  209)  with  different 
conditions.  A  summary  of  all  double  delta  results 
is  given  in  Fig.  44,  where  shock  distances  (in  mm) 
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Fig.43  L1F  flow  visualisation  for  yaw  angles  0 
and  3  °  for  the  double  delta  model. 


are  plotted  for  the  different  HEG  shots.  (Yaw 
angles  (3  =  -3°,  0°  and  +3°  are  identified.  Open 
symbols  -  condition  I;  half  open  symbols  - 
condition  II;  filled  symbols  -  condition  IV.  Squares 
-  right  wing  camera  1;  circles  -  left  wing,  camera  2. 
a,  b  -shock  distance  could  not  be  determined.) 
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Fig.44  Distance  from  shock  to  wing  leading  edge 
for  the  double  delta  model  for  various 
HEG  shots. 


flash  lamp  beam  (LIF  is  spatially  resolved);  2. 
Since  the  exciting  source  is  broad-band,  many  NO 
absorption  lines  are  probed,  so  that  several  level 
populations  can  be  determined;  3.  The  flash  lamp 
can  operate  at  high  repetition  rates,  so  that  time 
resolved  spectra  can  be  recorded  during  the  flow. 

Fig.  45  shows  the  University  of  Bielefeld 
experimental  set-up  for  flash  lamp  absorption 
measurements  of  the  HEG  free  stream  flow.  The 
flashlamp  delivers  a  small  (1  mm)  1  mJ  pulse  of 
short  duration  (100  ns)  and  at  high  repetition  rates 
(100  kHz),  with  a  sizeable  proportion  of  its  output 
in  the  UV.  The  beam  is  collimated,  passed  through 
the  HEG  test  section  normal  to  the  flow  axis  and 
then  focussed  onto  the  entrance  slit  of  an  f9 
spectrometer.  This  spectrometer  contains  an 
echelle  grating  as  its  dispersive  element,  which  is 
used  at  very  high  order  dispersion  (>100),  giving  a 
very  good  wavelength  resolution  (0.0075  nm). 
Hence  rotational  lines  can  be  resolved.  The 
wavelength-dispersed  spectrum  from  the  lamp 
pulse  is  then  recorded  on  an  ICCD  while  a  half 
frame  transfer  is  occurring,  thereby  allowing  a 
series  of  pulses  to  be  recorded. 


Experimental  setup  for  flash  lamp  absorption  measurements 


int.  ccd  camera 


spectrometer 

60-80  nm  slit 
1 80-800  nm 
0.0075  nm  resol'n 
f-number  9 


Fig.  45  Experimental  setup  for  flash  lamp 
absorption  measurements  in  HEG. 


8.  FLASH  LAMP  ABSORPTION  IN  HEG 
FREE  STREAM  FLOWS 

The  theoretical  considerations  in  chapter  2 
concerning  the  NO  molecule,  its  spectroscopy,  its 
level  populations,  considerations  of  thermal 
equilibrium,  and  TLT  also  apply  here  with  this 
method.  There  are  some  major  differences, 
however:-  1.  It’s  an  absorption  technique,  meaning 
line-of-sight  integration  along  the  direction  of  the 


Both  low  and  high  resolution  spectra  were 
recorded  for  two  HEG  shots,  both  at  condition  I. 
Fig.  46  shows  a  low  resolution  result  for  the 
wavelength  range  210  -  240  nm. 

At  this  resolution  the  rotational  line  structure 
cannot  be  resolved,  but  rather  merges  together  to 
give  the  familiar  vibrational  band  structure  of  NO. 
Three  vibrational  bands  are  seen  in  the  measured 
spectrum  (middle  of  figure),  arising  from  y(l,0). 
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7(0,0)  and  y(0,l)  transitions.  (This  spectrum  has 
been  integrated  over  several  flash  lamp  pulses  to 
improve  the  S/N.)  Inserted  into  the  figure  at  lower 


|  Low  resolution  NO  absorption  spectrum  in  HEG  free  stream  | 


Fig.46  Low  resolution  flash  lamp  absorption 
measurement  of  NO  in  the  HEG  free 
stream. 

right  is  the  corrected  measured  absorption 
spectrum  and  two  theoretical  spectra  for  NO,  one 
calculated  for  Trot  =  Tvib  =  700  K,  and  the  other  for 
Trot  =  700  K  and  Tvib  =  3500  K.  The  major 
difference  between  the  two  calculated  spectra  is 
the  appearance  of  the  hot  band  at  236  nm  when 
T^b  =  3500  K.  (Hot  bands  arise  from  higher 
vibrational  levels  -  here  v"  =  1  -  which  usually  are 
only  occupied  when  the  gas  is  hot.)  Even  though 
the  positions  of  the  bands  are  predicted  quite  well, 
the  agreement  (goodness  of  fit)  between 
experimental  and  calculated  spectra  is  not  very 
good  -  the  top  trace  in  Fig.  46  shows  the  residuals 
(least  square  differences)  between  calculated  and 
experimental  spectra.  Furthermore,  the  hot  band  at 
236  nm  is  not  well  enough  resolved  to  be  sure  that 
T^b  is  high. 

A  measured  high  resolution  spectrum  is  shown  in 
Fig.  47  (bold  line  plot).  The  wavenumber  range  as 
shown  corresponds  to  a  wavelength  range  of  227 .0 
-  225.5  nm. 

Here  the  rotational  structure  of  the  y(0,0) 
vibrational  band  is  resolved.  Also  shown  is  a 
simulated  spectrum  for  NO  absorption  calculated 
for  Trot  =  700  K  (grey  line  plot).  The  agreement  is 
quite  good,  as  shown  in  the  %2  residuals  plot  in  the 
lower  right  hand  comer  of  Fig.  47;  herefrom  one 
would  give  a  value  for  Trot  =  650  ±  50  K.  This  can 


High  resolution  NO  absorption  spectrum  in  HEG  free  stream 


Fig. 47  High  resolution  flash  lamp  absorption 
measurement  of  NO  in  the  HEG  free 
stream. 


be  compared  with  LIF  values  for  Trot  of  710  K  and 
980  K  (see  chapter  6.1)  and  the  theoretical  value 
for  T,*,  of  790  K  (see  Fig.  7). 
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Summary 

The  paper  presents  the  method  for  the  TPM  catalycity 
prediction  on  the  basis  of  high  enthalpy  plasmatron  heat 
transfer  tests,  performed  in  subsonic  regimes,  and 
appropriate  CFD  modeling  of  the  whole  plasma  flow 
field  in  the  plasma  wind  tunnel  (1),  viscous  reacting  gas 
flows  around  a  test  model  (2),  a  nonequilibrium 
boundary  layer  near  the  stagnation  point  of  a  test  model 
(3)  and  analysis  of  the  the  heat  transfer  for  test  conditions 
at  the  small  Reynolds  and  Mach  numbers  (4).  In  general, 
the  methodology  was  developed  during  the  study  of  the 
catalytic  efficiencies  of  the  Buran  TPM  -  the  black 
ceramic  tile  and  the  C-C  material  with  antioxidation 
coating  -  in  dissociated  nitrogen  and  air  reacting  flows. 
This  experimental-theoretical  methodology  has  been 
modified  recently  for  the  determination  of  TPM 
catalycity  in  subsonic  carbon  dioxide  and  pure  oxygen 
flows  from  high  enthalpy  tests  performed  by  using  the 
100-kW  inductive  IPG-4  plasmatron.  The  interaction 
between  combined  ground  test  measurements  and  CFD 
modeling  is  considered  as  genesis  for  catalytic  effects 
duplication,  plasma  flow  field  rebuilding  and  the 
extraction  of  the  quantitative  catalycity  parameters  from 
the  measured  high  enthalpy  flow  parameters,  surface 
temperature  and  stagnation  point  heat  fluxes. 

1.  Introduction 

Apparently  it  was  Bonhoeffer  who  first  observed  the  heat 
effect  of  atoms  heterogeneous  recombination  exposing 
the  thermometer  with  bulb,  covered  with  a  thin  layer  of 
the  catalyst,  in  the  dissociated  hydrogen  flow  [ref.  1]. 
The  thermometer  indicated  different  temperatures  for 
different  catalysts.  More  then  40  years  ago  Fay  and 
Riddell  [ref.  2],  and  Gulard  [ref.  3]  for  the  first  time 
numerically  estimated  the  catalysis  heat  effect  on  heat 
transfer  from  hypersonic  flow  to  stagnation  point  of  a 
blunt  body. 

It  is  well  known  now  that  surface  catalysis  plays  a  key 
role  in  the  heat  transfer  to  space  vehicles  with  the 
reusable  thermal  protection  system  (TPS)  such  as  the 
Space  Shuttle  [refs.  4-6],  the  Buran  and  Bor  [refs.  7,  8], 
Fig.  1  shows  the  calculated  temperature  distribution 
along  the  lower  surface  of  the  Bor  vehicle  for  the  altitude 
72.4  km  and  velocity  6450  m/s  and  flight  test  data  [ref. 
8],  The  temperature  jump  on  the  thermal  protection 
tile,  covered  with  high  catalytic  black  platinum,  reached 


Fig.  1.  Surface  temperature  distribution  along  the  windward 
center  line  of  the  Bor  vehicle  [ref.  8J.  Dots  -  the  flight  test 
data:  1  -  C-C  material  with  antioxidation  coating;  2  -  ceramic 
tile;  3  -  ceramic  tile  covered  with  black  platinum.  Curves  - 
computations  at  different  catalytic  recombination  rates  Kw. 


Fig.  2.  Effect  of  the  "overequilibrium  ”  heating  of  the  ceramic 
tile  with  nonuniform  catalytic  coating  [ref.  9],  Dots  -  test  in 
subsonic  air  flow  at  the  pressure  0.015  atm,  enthalpy  23.5 
MJ/kg,  velocity  650  m/s:  1  -  clean  tile,  2  -  tile  fully  covered 
with  spinel,  3  -  tile  with  a  high-catalytic  spot  (nickel-chrome 
spinel  ring).  Curves  -  numerical  solution  of  Navier-Stokes 
equations  for  nonequilibrium  dissociated  nitrogen:  1  -  Kn^—l 
m/s,  2  -  Cfyrf=0,  3  -  surface  with  a  discontinuity  of  catalycity. 
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almost  400  K.  Similar  effects  of  the  high  catalytic  spots 
“overheating”  were  observed  before  in  the  flight 
experiment  on  the  Space  Shuttle  [ref.  5]  and  in  ground 
test  performed  in  the  1-MW  IPG-3  plasmatron  (IPM)  in 
subsonic  high  enthalpy  air  flow  [ref.  9]  (see  Fig.  2). 

Surface  catalysis  may  contribute  essentially  in  heat 
transfer  to  a  vehicle  surface  during  a  hypersonic  entry 
into  the  Martian  atmosphere.  According  to  calculations 
[refs.  10,  11],  the  predicted  stagnation  point  heat  fluxes 
to  the  Mars  Pathfinder  aeroshell  and  Mars  Probe  are  3 
times  greater  for  the  case  of  a  fully  catalytic  surface  in 
comparison  with  a  noncatalytic  surface  case  for  the  peak- 
heating  points  of  the  entry  trajectories. 

It  is  necessary  to  understand  that  surface  catalycity  can 
not  be  measured  directly  in  an  experiment.  The  catalytic 
recombination  of  atoms  at  the  TPM  surface  has  complex 
poorly-defined  kinetics  which  include  the  following 
processes  [ref.  12]: 


This  paper  is  focused  on  the  method  for  the  TPM 
catalycity  prediction  which  was  developed  in  refs.  13, 
26,  27  in  the  framework  of  the  Buran  vehicle 
development  till  1988  and  which  is  developing  now  for 
the  TPM  catalycity  prediction  for  entry  conditions  in  the 
Martian  atmosphere  [refs.  28-30],  Previously 
accumulated  test  experience  and  current  capabilities  of 
the  IPG-4  plasmatron  from  the  point  of  view  related  to 
the  problem  of  TPM  catalycity  are  presented.  Special 
attention  is  paid  to  the  CFD  codes  as  the  standard 
diagnostic  tools  and  to  measurements/computations 
interaction.  The  previous  most  important  results 
connected  with  measured  and  calculated  heat  transfer  to 
different  test  models  in  high-enthalpy  subsonic  flows  of 
air,  nitrogen,  oxygen  and  carbon  dioxide  are  analyzed. 
The  lessons  learned  from  the  development  of  the 
combined  experimental/numerical  methodology,  current 
activities  in  the  field  of  the  thermochemical  simulation 
for  re-entry  issues  and  perspectives  are  discussed. 


•  activation  and  deactivation  of  the  surface  sites; 

•  atoms  adsorption  and  desorption:  A+S+->A_S\ 

•  adatoms  A_S  surface  migration; 

•  catalytic  recombination  of  atoms  through  Eley-Rideal 
mechanism  A+A_S—*A2+S  and  Langmuir- 
Hinshelwood  mechanism  A_S+A_S->A2+2S; 

•  formation  and  quenching  of  exited  molecules. 

No  theories  yet  exist  to  predict  the  TPM  catalycity 
beyond  experiment.  The  only  answer  is  to  determine 
effective  catalytic  properties  of  the  TPM  from  the  ground 
test  and  to  extrapolate  accurately  to  flight  conditions  [ref. 
13]. 

The  method  of  the  inductive  heating  of  gases  revealed 
the  efficient  way  of  the  production  of  the  unpolluted 
plasma  flows  with  a  temperature  level  close  to  gas 
temperatures  at  the  outer  edge  of  boundary  layer  at  a 
blunt  body  when  it  moves  in  atmosphere  at  a  hypersonic 
velocity  [refs.  14-16],  This  feature  combined  with  a  high 
stability  of  inductive  coupled  plasmas  provided  a  basis 
for  the  development  of  the  inductive  plasmatrons  [refs. 
17-24]  for  the  studies  of  the  high-enthalpy  flows,  TPM 
testing,  and  real  gas  effects  and  plasma/surface 
interaction,  including  the  contribution  of  the  catalytic 
effects  in  surface  heating. 

The  plasmatrons  of  the  IPG  family  at  IPM  RAS  appeared 
to  be  very  efficient  tools  for  the  ablative  TPM  samples 
testing  [ref.  25],  and  the  prediction  of  the  TPM 
catalycity,  the  testing  of  the  full-scale  TPS  elements  and 
the  studies  of  TPM  behavior  in  high  enthalpy  air  flows  in 
the  course  of  the  Buran  program  in  1978-1988  [refs.  9, 
17,  18,  26,  27],  The  efficient  capabilities  of  the  100-kW 
IPG-4  plasmatron  for  the  simulation  of  physico-chemical 
processes  accompanying  the  hypersonic  entry  of  a 
vehicle  aeroshell  in  the  Martian  atmosphere  have  been 
demonstrated  recently  [refs.  24,  28-30], 


2.  Philosophy  of  the  Methodology 

The  general  philosophy  of  the  method  for  the  TPM 
catalycity  prediction  on  the  basis  of  an  induction 
plasmatron  heat  transfer  experiment  developed  in  refs. 
26-30  consists  in  the  tight  connection  of  the  catalycity 
tests  with  heat  transfer  simulation  for  the  atmospheric 
entry  conditions.  The  logic  of  the  surface  catalycity 
determination  is  based  on  the  stagnation  point  heat  flux 
measurements  in  high-enthalpy  subsonic  flows  and  the 
sophisticated  techniques  of  the  extraction  of  the  heat  flux 
part,  caused  by  the  recombination  of  atoms,  by  using  the 
CFD  modeling  of  the  heat  transfer  for  test  conditions 
(Fig.  3). 


EXPERIMENT 


FACILITY 


matrix: 


REGIMES 


DIAGNOSTICS 
JOF  FLOW  &  HEAT} 
TRANSFER 
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OF  CATALYTIC 
REACTIONS 


CALCULATION 
OF  THE  HEAT  FLUX  AS 
A  FUNCTION  OF  yw 


TESTING 


DETERMINATION  OF  yw 


Fig.  3.  The  logic  tree  of  the  methodology  for  the  surface 
catalycity  determination. 

This  scheme  was  developed  for  the  study  of  the  catalytic 
effects  in  subsonic  dissociated  air  and  nitrogen  flows  in 
refs.  26,  27,  13  and  has  been  recently  applied  to  the 
prediction  of  the  catalytic  efficiencies  of  recombination 
of  the  O  atoms  and  CO  molecules  on  metals,  quartz 
surface,  tile  coating  and  antioxidation  coating  of  the 
carbon-carbon  material  on  the  basis  of  heat  transfer 
experiment  curried  out  in  high  enthalpy  carbon  dioxide 
and  oxygen  flows  [refs.  28-30], 
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In  fact,  the  method  is  quite  laborious  (see  the  logic 
scheme  on  Fig  3),  but  it  reveals  a  fair  way  of 
extrapolation  of  the  surface  catalytic  effects  from  ground 
to  flight,  at  least  for  the  stagnation  point  heat  transfer 
[refs.  13,31,32]. 

The  IPM  methodology  of  the  TPM  catalycity 
determination  includes  the  following  essential  parts: 

1)  production  of  the  highly  dissociated  subsonic  stable 
gas  flows  and  optimization  of  the  test  regimes; 

2)  experimental  study  of  the  steady-state  heat  transfer  in 
the  stagnation  point  configuration; 

3)  tests  with  different  gases; 

4)  precise  characterization  of  the  high-enthalpy  flows; 

5)  search  and  application  of  materials  with  standard 
catalytic  properties; 

6)  CFD  modeling  of  reacting  plasma  and  gas  flows 
within  plasma  torch  and  around  a  model; 

7)  numerical  rebuilding  of  the  free  stream  enthalpy; 

8)  model  of  the  surface  catalysis; 

9)  numerical  computations  of  the  nonequilibrium 
multicomponent  boundary  layers  and  design  of  the 
heat  flux  charts  for  test  conditions; 

10) analysis  of  uncertainties; 

1  ^extrapolation  from  ground  test  to  the  atmospheric 
entry  conditions. 

3.  Facilities 

At  the  middle  of  the  1970’s  the  plasmatron  technology 
development  was  turned  out  from  the  atmospheric 
pressure  plasmatron  IPG-1  [ref.  25]  toward  low  pressure 
domain  due  to  the  Buran  program  challenges  including 
problem  of  the  TPM  catalycity.  The  development  went  in 
directions  of  the  power  increasing,  the  expanding  of  the 
pressure  range  and  the  enlargement  of  the  discharge 
channel  size.  Philosophy  of  the  development  at  this 
phase  was  based  on  the  solution  to  build  two  IPG 
facilities:  the  first  one  -  oriented  on  airheating  problem 
coupled  with  the  TPM  catalycity,  cost-effective  samples 
tests  and  TPM  selection,  and  the  second  one  -  powerful 
plasmatron  for  resource  tests  of  the  full-scale  TPS 
elements  at  reentry  heating  conditions  [ref.  17]. 

The  75-kW  IPG-2  plasmatron  with  the  discharge  channel 
60  mm  in  diameter  produced  sub-  and  supersonic  high- 
enthalpy  air  and  nitrogen  flows  in  the  stagnation  pressure 
range  0.05-1  atm  and  total  enthalpy  range  10-40  MJ/kg. 
This  facility  was  used  to  study  of  the  nonequilibrium  heat 
transfer  effects  and  the  TPM  catalycity  in  subsonic 
dissociated  air  and  nitrogen  flows  in  the  pressure  range 
0.05-1  atm  during  the  period  1978-1988.  Few  catalycity 
tests  with  pure  oxygen  were  performed  by  the  IPG-2. 
The  powerful  (1-MW)  IPG-3  plasmatron  with  the 


discharge  channel  of  200  mm  in  diameter  has  been 
operating  with  air  plasma  in  subsonic  regime  in  the 
pressure  range  0.015-0.1  atm  and  the  same  total  enthalpy 
range  [ref.  17].  The  multipurpose  100-kW  IPG-4 
plasmatron  with  the  channel  of  80  mm  in  diameter  (mass 
flow  rate  1 .5-6  g/s)  covers  the  stagnation  pressure  range 
0.01-1  atm  in  sub-  and  supersonic  regimes  with  air, 
nitrogen,  oxygen,  carbon  dioxide  and  hydrocarbons  as 
working  gases. 

The  inductive  plasmatrons  IPG-3  and  IPG-4  meet 
requirements  [ref.  33]  for  R&D  facilities  to  simulate 
reacting  flow  physics,  real  surface  processes  and  to  carry 
out  code  validation.  The  plasmatron  capabilities  provide 
potential  possibilities  to  define  well  the  flow  conditions 
on  the  basis  of  judiciously  combined  surface  and  flow 
field  measurements  and  CFD  modeling. 

4.  Subsonic  Test  Regimes 

From  the  standpoint  of  the  TPM  catalycity  prediction, 
the  subsonic  regimes  possess  three  significant  advantages 
over  the  supersonic  ones.  Firstly,  for  hypersonic  vehicles 
with  a  blunt  nose  radius  R^-l  m  subsonic  regimes  reveal 
the  way  to  the  duplication  of  the  stagnation  point  heat 
transfer  if  the  conditions  of  a  local  simulation  are 
satisfied  [refs.  13,  31,  32], 

Secondly,  supersonic  plasma  flows  normally  are  quite  far 
from  equilibrium,  whereas  the  thermodynamic  state  of 
subsonic  dissociated  molecular  gas  flows  in  a  core  is 
close  to  LTE  at  pressures  >  0.1  atm.  Thus,  the  oxygen 
flows  are  completely  dissociated  in  the  core,  so  in  fact 
there  is  chemical  equilibrium  in  this  part  of  flow.  For  the 
carbon  dioxide  flow  at  the  pressure  0.1  atm  the  Landau- 
Teller  relaxation  time  for  the  CO  molecules  is  ~2T0'5 
s,  so  the  relaxation  zone  length  ~2-10'3  m  is  much  shorter 
than  the  distance  from  the  channel  exit  section  to  the 
model  (6 TO'2  m).  At  the  same  time  the  mixing  layers  and 
boundary  layers  near  the  model  should  be  far  from 
equilibrium. 

Finally,  in  subsonic  regimes  the  boundary  layer  on  a 
model  is  quite  thick,  therefore  if  the  exited  molecules  are 
produced  on  the  surface  due  to  the  catalytic 
recombination  of  atoms  those  molecules  are  quenched 
efficiently  within  the  boundary  layer  due  to  collisions 
[ref.  34],  In  this  case  it  is  possible  to  take  this  effect  into 
account  by  using  the  effective  rate  of  catalytic  reaction 
without  actual  consideration  of  the  process  of  exited 
molecules  formation. 

The  choice  of  the  optimal  test  conditions  is  very 
important  for  reducing  flow  uncertainties  and  the 
contraction  of  margins.  Fig.  4  taken  from  ref.  1 3  shows 
in  the  pressure-surface  temperature  variables  the  map  of 
the  degree  of  a  boundary  layer  nonequilibrium  at  the 
stagnation  point  of  a  model  with  the  radius  Rm=  1.5  cm 
flown  by  a  subsonic  dissociated  nitrogen  jet.  It  is  seen, 
that  the  conditions  within  boundary  layer  can  be  changed 
smoothly  by  pressure  variation  from  frozen  boundary 
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layer  toward  equilibrium  one.  The  equilibrium  region  5 
is  optimal  for  calibration,  the  optimal  conditions  for 
catalycity  tests  could  be  realized  in  the  region  3 
(equilibrium  free  stream  &  frozen  boundary  layer),  the 
influence  of  the  gas-phase  reactions  on  the  heat  transfer 
can  be  studied  in  the  region  4. 

1500 
Tw,K 

900 


300 

0.01  0.1  P,  atm  i.o 

Fig.  4.  The  map  of  the  degree  of  a  free  stream  and  boundary 
layer  nonequilibrium  for  subsonic  regimes  with  nitrogen  for  a 
model  with  radius  1.5  cm  [ref.  13J. 

5.  Test  Configuration  and  Models 

In  the  optimal  regimes  used,  the  inductively  coupled 
plasma  is  forced  back  from  the  wall  of  the  quartz  tube  of 
the  discharge  channel  by  a  sublayer  of  the  cold  gas,  the 
discharge  is  stable  and  exists  for  a  long  time.  This  offers 
the  possibility  of  studying  the  heat  transfer  in  the  steady- 
state  regimes. 

Two  main  types  of  the  models  are  used  in  the  heat 
transfer  tests  (Fig.  5):  1)  the  water-cooled  copper  model 
with  the  water  flow  steady-state  heat  probes  for  the 
stagnation  point  heat  flux  measurements;  and  2)  the 
model  made  from  SiC  material  for  the  TPM  testing.  The 
cylindrical  models  with  a  flat  face  of  30-50  mm  in 
diameter  are  widely  used  for  subsonic  tests.  During  the 
last  5  years  the  standard  form  of  the  euromodel  of  50  mm 
in  diameter  with  a  rounded  edge  of  1 1  mm  in  radius  was 
widely  used  for  high-enthalpy  tests  [refs.  35,  36,  28-30], 

Under  typical  subsonic  test  conditions  the  optimum 
distance  Zm  between  the  model  and  the  discharge  channel 
exit  can  be  estimated  as  D„,<  Zm<2Dc,  where  D„,  is  the 
model  diameter  and  Dc  is  the  discharge  channel  diameter. 
For  the  IPG-4  tests  30<Z„,<60  mm.  In  the  optimum  zone 
the  following  optimum  conditions  for  the  studying  of  the 
steady-state  heat  transfer  are  realized: 

1)  flow  perturbations  induced  by  the  model  do  not  reach 
the  discharge  channel; 

2)  the  flow  past  the  model  exposed  in  the  central  part  of 
the  jet,  is  close  to  axisymmetric; 

3)  the  high  stability  of  the  free  jet  parameters; 

4)  the  uniform  heat  loading  on  the  sample  face; 

5)  the  stagnation  point  heat  flux  and  the  surface 
temperature  of  the  sample  are  well  reproducible; 


NONEQ.  FLOW 

|” ►  eq^li5w 

1 

\3X  4 

FROZEN  BOUND. 
LAYER 

1  /  FROZEN 

\/  BOUND.  LAYER 

A  NONEQ.  BOUND. 

/2 

1  LAYER  , 

NONEQ.  BOUND. 

1  EQ.  BOUND.  / 

LAYER 

|  LAYER  5 

6)  the  flow  enthalpy  and  velocity  along  the  free-jet  axis 
decrease  only  slightly. 

The  variation  of  the  flow  parameters  and  the  stationary 
heat  transfer  conditions  are  achieved  by  the  control  of  the 
anode  power  Nap  supplied  to  the  inductor.  With  the  Nap 
increasing,  the  power  input  in  plasma  rises,  and  the  flow 
enthalpy,  velocity,  stagnation  point  heat  flux  and 
temperature  of  the  sample  surface  increase  respectively. 


2  1 


1  2  3  4  5  6 


Fig.  5.  Models  for  heat  transfer  tests  in  subsonic  regimes, 
upper  -  model  for  cooled  wall  test  (refs.  28,  29):  1  -  copper 
body,  2  -  water  flow  stationary  heat  flux  probe ;  lower  -  model 
for  catalycity  and  oxidation  tests:  1  -  sample,  2  -  spacer,  3  - 
SiC  material,  4  -  heat  insulation,  5  -  water  flow  stationary  heat 
flux  probe,  6  -  zirconium  pin,  7  -  water-cooled  holder. 

6.  Measurements  of  the  Heat  Fluxes  to  Cooled 
Surfaces 

The  water  flow  steady-state  probes  made  of  copper 
monolith,  nickel,  monocrystalline  molybdenum,  quartz  of 
high  chemical  purity  and  those  made  of  copper  with  the 
heat  reception  faces  covered  with  silver,  platinum, 
titanium  and  tantalum  were  used  in  cooled  wall  tests 
[refs.  26-30],  Those  heat-adsorbing  surfaces  of  14  mm  in 
diameter  were  polished  to  a  mirror  quality.  To  vary 
quartz  surface  temperature  at  a  constant  plasmatron 
operating  regime,  the  quartz  probes  with  the  different 
thickness  of  the  heat  reception  wall  in  the  range  0.63- 
2.26  mm  are  used.  In  order  to  improve  the 
reproducibility  the  probe  surface  should  be  cleaned  in  the 
plasma  flow  in  the  course  of  a  few  minutes. 
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The  stagnation  point  heat  flux  is  calculated  by  the 
measured  water  flow  rate  through  the  probe  and  the 
water  temperature  difference  between  the  probe  outlet 
and  inlet  sections.  The  water  flow  rate  is  measured  by  the 
float  rotameter  with  an  error  of  ±1.5%.  The  water 
temperature  in  the  probe  is  measured  by  the 
thermocouples  and  mercury  thermometers  with  the 
accuracy  of  0.1°C.  The  accuracy  of  the  measurement  of 
the  stagnation  point  heat  flux  to  the  cooled  surface 
(7V-300  K)  is  ±5  %. 

For  the  quartz  probes  the  surface  temperature  7V  is 
obtained  by  the  solution  of  the  ID  heat  transfer  problem 
within  the  heat  reception  quartz  wall  taking  into  account 
the  well  documented  quartz  thermal  conductivity  [ref. 
37],  The  well-defined  spectral  and  total  quartz  surface 
emissivity  for  the  different  wall  thickness  [refs.  38,  39] 
are  necessary  to  determine  the  heat  flux  qw- 

The  measurements  of  the  heat  fluxes  to  cooled  surfaces  is 
one  of  the  key  points  of  the  methodology  for  the  TPM 
catalycity  prediction  due  to  two  main  reasons: 

Firstly,  cooled  wall  tests  demonstrate  the  heat  effect  of 
the  heterogeneous  catalysis  in  dissociated  gases  [ref.  30], 
The  difference  between  the  measured  values  of  the  heat 
fluxes  to  different  metals  appears  as  a  result  of  the 
difference  between  their  surface  catalytic  activities  with 
respect  to  atoms  recombination.  The  difference  increases 
with  the  power  input  in  plasma  and,  respectively,  with 
the  increasing  of  flow  enthalpy,  velocity  and  the  degree 
of  dissociation.  Since  the  heat  flux  to  silver  wall  is  higher 
then  that  for  molybdenum  in  the  dissociated  oxygen  and 
carbon  dioxide  flows,  the  silver  surface  is  more  catalytic 
then  the  molybdenum  one  in  those  gases. 

In  the  dissociated  air  and  nitrogen  the  copper  and 
platinum  showed  the  highest  catalytic  activity  but 
molybdenum  also  manifested  itself  as  metal  with  the 
lowest  catalycity  [refs.  26,  27]  (see  Fig.  6). 


Fig.  6.  Catalytic  heat  effect  on  cooled  metallic  surfaces  in 
subsonic  dissociated  air  flows[ref.  26]:p=0.1  atm,  Rm-1.5  cm. 


Secondly,  more  data  for  cold  surfaces  are  collected  then 
the  experimental  heat  flux  envelope  is  wider  and  more 
information  for  the  validation  of  the  CFD  codes  can  be 
used.  The  key  point  of  the  methodology  is  the  search  of 
materials  with  maximum  and  minimum  catalytic 
efficiencies  for  the  different  gas  environment.  Among  the 
measured  heat  flux  values  the  maximum  one  is  used  for 
the  rebuilding  of  the  flow  enthalpy,  the  minimum  one  - 
for  the  verification  of  the  gas-phase  chemistry 
implemented  in  the  CFD  codes  for  modeling  of 
nonequilibrium  flows  and  heat  transfer  computations. 

7.  Heat  Transfer  Measurements  for  TPM  Samples 

It  should  be  noted  that  the  convective  heat  flux  to  the  hot 
wall  can  not  be  measured  directly.  The  stagnation  point 
heat  flux  to  the  high  temperature  surface  is  rebuilt  by  the 
formula: 

4 

=  ztfia^w  + 

where  zth  is  the  total  hemispheric  emissivity  of  the 
surface,  cr  is  the  Stefan-Boltzmann  constant,  Tw  is  the 
surface  temperature,  qc  is  the  density  of  the  heat  loss 
from  the  rear  sample  surface  measured  by  using  the 
water-cooled  probe. 

The  brightness  surface  temperature  of  the  sample  Tb  has 
to  be  measured  by  using  optical  pyrometers  on  the  basis 
of  the  radiation  from  the  heated  surface.  The  operating 
temperature  range  should  be  chosen  taking  into  account 
the  spectral  emissivity  ex  as  a  function  of  the  surface 
temperature.  For  example,  in  the  temperature 
measurements  for  the  ceramic  tile  and  quartz  surfaces  the 
application  of  the  infrared  thermovision  system  AGA- 
780  is  quite  efficient  for  the  brightness  temperature 
record  at  the  wavelength  5  pk  where  the  spectral 
emissivity  £^=0.98  at  7^=300-1700  K  [ref.  38]. 

The  intrinsic  surface  temperature  Tw  is  determined  taking 
into  account  the  spectral  emissivity  ex  of  the  sample  and 
the  spectral  transparency  xx  of  the  optical  quartz  window 
of  the  testing  chamber  by  the  following  formula: 

TW  =  \+(\Tb/C2)lnzejf’Zeff  =  hX\'C2  =  14380^  ' K 

In  the  measurements  of  the  surface  temperatures  of  the 
quartz  sample  and  the  ceramic  black  tile  ( s,b  =0.89-0.82 
at  7V=1200-1700  K)  by  using  the  POV-80  and  APIR-C 
pyrometers,  and  the  infrared  thermovision  system  AGA- 
780  the  average  error  is  ±20  K  [ref.  28], 

In  the  optical  surface  temperature  measurements  the 
crucial  point  is  the  accuracy  of  the  spectral  and  the  total 
surface  emissivity  data.  The  additional  uncertainties  are 
connected  with  the  influence  of  an  operational  angle  of 
the  pyrometric  measurements.  For  the  quartz-based 
borosilicate  coating  used  in  the  Buran  TPS  the  error  in 
the  determination  of  the  heat  flux  to  the  surfaces  of  this 
kind  does  not  exceed  7%. 
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8.  Dynamic  Pressure  Measurements 

The  high  enthalpy  subsonic  flow  characterization  must 
include  the  dynamic  pressure  Ap  measurements  by  using 
water-cooled  Pitot  probes  at  least  along  the  flow  axis.  In 
IPM  practice  the  water-cooled  Pitot  probe  made  of  the 
same  shape  as  the  euromodel  for  the  heat  flux 
measurements  (Fig.  5)  is  used.  The  dynamic  pressure  is 
measured  as  the  difference  between  stagnation  pressure 
and  static  pressure  at  the  wall  of  the  test  chamber. 

The  static  pressure  in  the  test  chamber  and  the  dynamic 
pressure  at  the  subsonic  high-enthalpy  flows  are 
measured  by  using  the  transducers  of  “CAflOHP” 
(sapphire)  type.  The  pressure  transducer  “CAIIdbHP 
22M-,Z(A”  model  2030  with  the  upper  limit  125  hPa  and 
the  accuracy  ±0.4  hPa  is  used  for  the  static  pressure 
measurements.  The  pressure  transducer  “CAIKPHP 
22M£-/m”  model  2410  with  the  upper  limit  16  hPa  and 
the  accuracy  ±0.02  hPa  is  used  for  the  dynamic  pressure 
measurements.  The  physical  principle  of  the  operation  is 
based  on  the  accurate  determination  of  a  sensitive 
sapphire  element  deformation  which  is  proportional  to 
the  measured  pressure  (or  pressure  difference).  Fig.  7 
shows  quite  specific  features  of  the  measured  dynamic 
pressure  in  subsonic  high  enthalpy  flows  [ref.  24]:  Ap  is 
a  linear  function  of  Nap  and  Ap  is  inversely  proportional 

to  p. 


P,  hPa 

Fig.  7.  Dynamic  pressure  in  subsonic  carbon  dioxide  flows  as 
function  of  the  IPG-4  anode  power  (p=I00  hPa)  and  pressure 
(Nap- 4  5  kW)  at  the  mass  flow  rate  1.8  g/s,  z=60  mm  [ref.  22 ]. 


9.  Logic  of  the  CFD  Modeling 

At  the  beginning  of  the  1980’s  the  general  problem  of  the 
subsonic  high  enthalpy  test  data  analysis  was  the  absence 
of  any  analytical  theory  for  the  stagnation  point  heat 
transfer  in  contrast  with  super-  and  hypersonic  tests 
where  Fay  and  Riddell  or  Gulard’s  theories  [refs.  2,  3] 
and  Newton’s  solution  for  a  thin  shock  layer  provided 
sufficient  results.  So,  the  application  of  the  full  Navier- 
Stocks  equations  for  the  computations  of  high  enthalpy 
reacting  flows  for  the  test  conditions  at  small  Reynolds 
and  Mach  numbers  was  the  only  choice. 

The  numerical  computations  of  the  subsonic  plasma  and 
high-enthalpy  reacting  flows  and  heat  transfer  for  the 
plasmatron  test  conditions  is  the  essential  part  of  the  flow 
characterization  and  the  surface  catalycity  prediction 
method  [refs.  13,  26,  29,  40].  On  the  whole,  the  problem 
is  rather  tricky.  Up  to  now  the  computations  of  the 
nonequilibrium  molecular  plasma  flow  coupled  with  the 
RF  electromagnetic  field  are  not  in  fact.  So,  our  main 
idea  consists  in  the  separation  of  the  whole  flow  field 
into  three  computation  zones,  where  the  distinctive  flow 
features  can  be  used  for  the  efficient  approach.  For  the 
considered  plasmatron  operating  conditions  (p> 0.1  atm) 
the  main  CFD  problem  for  the  modeling  of  the  plasma 
and  high-enthalpy  oxygen  and  carbon  dioxide  reacting 
flows  is  divided  in  the  following  three  problems: 

1)  the  equilibrium  inductively  coupled  swirling  plasma 
flow  within  the  cylindrical  discharge  channel; 

2)  the  equilibrium  subsonic  axisymmetric  high-enthalpy 
laminar  jet  flow  past  a  cylindrical  model; 

3)  the  nonequilibrium  multicomponent  boundary  layer 
with  the  finite  thickness  at  the  stagnation  point. 

The  developed  appropriate  data  base  for  thermodynamic 
and  transport  properties,  and  soft  ware  provide  efficient 
numerical  modeling  for  the  subsonic  regimes  of  the  IPG- 
4  with  different  gases  (air,  nitrogen,  oxygen,  carbon 
dioxide,  argon). 

10.  Inductive  Plasma  Modeling 

The  problem  of  the  inductive  plasma  flow  [ref.  41]  is 
being  treated  for  the  case  of  equilibrium  plasmas  on  the 
basis  of  the  full  Navier-Stokes  equations  coupled  with 
the  simplified  Maxwell  equations  for  the  RF 
electromagnetic  field  [refs.  42,  43],  The  statement  of  the 
problem  includes  the  plasmadynamics  effect  of  the 
Lorentz  force  and  the  Joule  heat  release.  The  2D  Navier- 
Stokes  equations  written  for  the  total  enthalpy  and  three 
velocity  components  including  the  tangential  component 
due  to  the  flow  swirling  and  the  simplified  quasi  ID 
Maxwell  equations  for  the  complex  amplitude  of  the 
electric  field  tangential  component  generating  vortical 
electric  currents  are  used  for  the  computations  of 
reacting  plasma  flows  within  the  discharge  channel.  The 
input  parameters  of  the  problem  are:  the  gas 
composition,  the  gas  flow  rate  G,  the  coil  geometry,  the 
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electric  current  frequency  f  and  the  power  input  in 
plasma  Npt . 

The  boundary  conditions  at  the  inlet  section  and  the 
channel  wall  should  be  specified  in  accordance  with  the 
torch  design  and  the  system  of  heat  exchange  between 
the  torch  and  the  ambient  environment.  The  two  main 
cooling  systems  are  now  in  use:  one  self-cooling  system 
with  free  quartz  tube  (the  IPM  plasmatrons,  [ref.  17]) 
and  the  other  with  water  cooled  quartz  tube  (the  VKI 
plasmatron,  [ref.  23]). 

In  our  methodology  the  finite  difference  analogies  of  the 
Navier-Stokes  equations  written  for  the  control  volumes 
of  the  staggered  grid  are  used.  The  obtained  equations 
are  being  solved  by  a  method  analogous  to  the  SIMPLE 
method  by  Patankar  and  Spalding  [ref.  44],  The  final 
system  of  the  linear  algebraic  equations  is  being  solved 
by  the  modified  method  of  incomplete  factorization.  The 
simplified  equation  for  the  complex  amplitude  of  the 
electric  field  is  being  solved  by  an  effective  technique 
based  on  the  Thomas  algorithm. 

The  transport  properties  -  viscosity,  thermal  conductivity 
and  electrical  conductivity  -  have  to  be  calculated  in 
advance  as  the  functions  of  pressure  and  temperature  by 
the  precise  formulae  of  the  Chapman-Enskog  method  in 
the  second  approximation  by  the  Sonine  polynomials  for 
the  plasma  viscosity  and  in  the  third  approximation  for 
the  plasma  thermal  conductivity  and  electrical 
conductivity  according-  to  well  known  requirements 
formulated  in  ref.  45.  The  formulation  of  the  plasma 
transport  properties  proposed  in  ref.  46  is  very  efficient 
for  inductively  coupled  plasmas  computations. 

The  recent  code-to-code  validation  for  the  test  case  with 
the  argon  inductively  coupled  plasma  for  the  IPG-4 
plasmatron  geometry  [ref.  47]  has  shown  rather  good 
agreement  between  ID  electric  field  approach  [refs.  42, 
43]  and  complete  2D  formulation  for  the  plasma  induced 
electric  field  within  the  plasmatron  channel  and  in  the 
space  beyond  the  torch  itself  [ref.  48]  for  the  plasma  flow 
and  temperature  fields  in  the  whole  discharge  channel 
including  the  plasmatron  exit  section. 

The  computed  flow  and  temperature  fields  for  oxygen 
and  carbon  dioxide  plasmas  in  the  IPG-4  plasmatron 
discharge  channel  are  shown  in  Fig.  8  for  Npf=25  kW, 
G=2.8  g/s.  The  complicated  structure  of  the  flow  with 
embedded  vortical  zones  is  formed  due  to  the  interaction 
of  a  swirling  gas  flow  with  Joule  heat  release  and 
magnetic  pressure.  For  both  plasmas  the  flow  patterns 
are  quite  similar,  but  the  temperature  fields  are  rather 
different  at  the  same  energy  input  in  plasma  due  to  the 
clear  reason:  in  a  carbon  dioxide  flow  the  great  deal  of 
input  energy  is  spent  on  dissociation  while  in  fully 
dissociated  oxygen  flow  an  essential  part  of  input  energy 
is  pumped  in  the  translational  temperature  of  the 
monatomic  gas. 


The  calculated  flow  parameters  at  the  exit  section  of  the 
discharge  channel  are  the  inflow  boundary  conditions  for 
the  second  problem  of  reacting  gas  flow  around  a  model. 
Due  to  the  reason  mentioned  above,  in  the  jet  core  the 
velocity  and  temperature  profiles  are  more  smooth  for  air 
and  carbon  dioxide  then  for  oxygen  (Fig.  9). 


Fig.  8.  Flow  and  temperature  fields  in  the  IPG-4  discharge 
channel  for  oxygen  (left)  and  carbon  dioxide  (right)  plasmas. 
Dimensionless  stream  function  values:  -0.04,  -0.02,  0,  0.0 1, 
0.05,  0.1,  0.2,  0.4,  0.6,  0.8;  temperature  values  for  the 
isotherms  in  1000  K  [ref.  30]. 


Fig.  9a.  Velocity  profiles  at  the  exit  of  the  IPG-4  discharge 
channel  for  oxygen,  air  and  carbon  dioxide  plasmas. 
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Fig.  9b.  Temperature  profiles  at  the  exit  of  the  IPG-4 
discharge  channel  for  oxygen,  air  and  carbon  dioxide  plasmas. 


11.  Flow  around  a  Test  Model 

For  the  subsonic  reacting  flow  after  the  plasmatron  exit 
section  we  can  assume  that  the  flow  is  in  equilibrium  at 
pressure  /?>0.1  atm.  In  the  considered  enthalpy  range  the 
flow  ionization  influence  on  heat  transfer  is  negligible 
and  weak  traces  of  flow  vorticity  are  also  not  taken  into 
account. 

The  grounds  for  the  equilibrium  approach  stand  on  the 
specific  features  of  subsonic  high-enthalpy  flows  in 
plasmatron  at  pressures  p>0.l  atm  (see  chapter  3  above). 
The  approach  consists  in  the  use  of  equilibrium 
computations  for  the  incoming  subsonic  plume  serving 
only  as  the  external  solution  for  the  nonequilibrium 
boundary  layer  problem.  So,  the  surface  catalycity  is  not 
an  input  parameter  for  this  problem. 

The  full  2D  Navier-Stokes  equations  for  the  enthalpy, 
two  velocity  components  and  pressure  are  used  for  the 
modeling  of  the  laminar  hyposonic  (M«l)  equilibrium 
high-enthalpy  flows  over  a  model  (flow  swirling  is  not 
essential  here).  It  is  reasonable  to  use  for  computations 
the  same  numerical  method  [ref.  44]  which  is  exploited 
for  the  previous  problem.  Fig.  10  shows  the  calculated 
flow  and  temperature  fields  of  reacting  carbon  dioxide 
gas  around  the  model,  Fig.  11-  the  enthalpy  distributions 
along  the  jet  axis  for  four  different  gases.  These  data 
confirm  (qualitatively)  the  assumption  on  the  chemical 
equilibrium  in  the  core  of  the  subsonic  jet.  In  fact,  we 
observe  a  large  isothermal,  isobaric  zone  between  the 
exit  section  of  the  discharge  channel  and  the  model  - 
favorable  conditions  for  fast  relaxation. 


Fig.  10.  Flow  and  temperature  fields  of  reacting  carbon 
dioxide  gas  flow  past  a  model  at  p=0.1  atm  and  Np,= 2  5  kW. 
Dimensionless  stream  function  values:  0.01,  0.1,  0.3,  0.6,  1.0, 
1.2,  1.4,  1.6,  1.8.  Temperature  values  for  isotherms:  6500, 
6000,  5000,  4000,  2000,  1000  K  [ref.  29], 


Fig.  11.  Dimensionless  enthalpy  distributions  along  jet  axis 
from  plasmatron  exit  to  a  cooled  model  at  p=0.1  atm  and 
Npi~20  kW for  different  gases. 
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At  low  pressures  the  displacement  from  equilibrium 
could  be  quite  essential.  The  relaxation  time  ~P'\  but 
the  hydrodynamic  time  for  inductively  coupled  plasma 
has  an  opposite  trend  i^yd  ~P  and  at  P~0.01  atm  those 
times  are  quite  comparable. 

12.  Boundary  Layer  Problem  for  Subsonic  Test 
Conditions 

The  analysis  of  experimental  data  concerning  heat 
transfer  and  the  procedure  of  surface  catalycity 
rebuilding  require  a  lot  of  computations  for 
multiparameter  models  of  the  flow  and  the  heat  transfer. 
In  spite  of  the  capabilities  of  the  modem  PC,  the 
application  of  the  full  Navier-Stokes  equations,  as  a 
standard  wind  tunnel  instrument,  for  modeling  of  the 
nonequilibrium  flows  in  the  whole  computational  field 
and  computations  of  the  heat  transfer  rates  with  sufficient 
accuracy,  still  does  not  look  effective  enough. 

In  order  to  find  a  compromise  between  requirements  to 
take  into  account  the  main  features  of  subsonic  viscous 
reacting  jets  and  heat  transfer  in  plasmatron  and  to 
minimize  computational  efforts,  the  author  developed  in 
the  early  1980’s  the  ID  concept  of  the  nonequilibrium 
boundary  layer  with  finite  thickness.  This  concept  made 
it  possible  to  efficiently  separate  the  problem  of  the 
accurate  computations  of  the  stagnation  point  heat 
transfer  rates  and  the  solution  of  the  full  Navier-Stokes 
equations  for  the  flow  bulk. 

The  mathematical  model  of  the  ID  flow  and  heat  transfer 
in  the  boundary  layer  for  the  reacting  multicomponent 
gas  presented  in  refs.  26-30  takes  a  finite  thickness  of  the 
boundary  layer  and  flow  vorticity  at  the  outer  edge  of  the 
boundary  layer  into  account  by  means  of  the  three 
dimensionless  parameters  and  provides  accurate 
computations  of  the  stagnation  point  heat  flux.  These 
three  parameters  at  the  outer  edge  of  the  boundary  layer 
have  to  be  obtained  from  the  numerical  solution  of  the 
full  Navier-Stokes  equations  for  the  equilibrium  subsonic 
flows  around  the  model.  At  the  fixed  value  of  a  gas  flow 
rate  those  parameters  actually  slightly  depend  on  the 
pressure  and  power  input  in  plasma  and  should  be 
calculated,  as  input  parameters  for  the  1 D  boundary  layer 
code,  in  advance.  After  that  ID  code  can  run 
autonomously  in  the  wide  domain  of  test  conditions, 
surface  temperature  and  catalytic  efficiency. 

The  following  assumptions  have  been  made  in  the 
physical  model  of  the  nonequilibrium  boundary  layer:  1) 
gas  is  a  multicomponent  mixture  of  molecules  and  atoms; 
2)  molecules  vibrations  are  in  equilibrium  excitation, 
chemical  kinetics  is  one-temperature.  The  data  on  rate 
constants  for  gas-phase  reactions  have  been  taken  from 
ref.  49. 

The  finite  difference  scheme  of  the  high  order  of 
approximation  should  be  used  for  the  fast  numerical 
solution  of  the  ID  boundary  layer  problem. 


13.  Model  of  the  Surface  Catalysis 

As  we  mentioned  above,  the  processes  of  the  formation 
of  molecules  due  to  collisions  of  atoms  on  a  surface  have 
complex  kinetics  [ref.  12].  In  general,  these  processes  are 
poorly  studied  although  the  kinetics  of  the  oxygen  and 
nitrogen  atoms  recombination  on  silica  has  been 
investigated  in  refs.  6,  50,  51.  The  mechanisms  of  the 
Eley-Rideal  and  Langmuir-Hinshelwood  recombination 
of  the  oxygen  atoms  on  silica  have  been  studied  within  a 
framework  of  molecular  dynamics  in  ref.  52.  Kinetic 
studies  of  the  catalytic  reaction  C0+0->C02  on  the 
quartz-based  surfaces,  which  is  important  for  heat 
transfer  to  a  vehicle  surface  during  entry  into  Martian 
atmosphere,  are  practically  absent. 

In  our  methodology  the  parameters  which  characterize 
surface  catalycity  have  to  be  determined  form  the 
comparison  of  the  measured  heat  fluxes  and  surface 
temperatures  with  the  results  of  parametric  computations 
(inverse  problem).  Therefore,  the  model  of  surface 
catalysis  has  to  contain  a  consistent  number  of 
parameters  -  actually  one,  or  more,  if  possible  to  separate 
contributions  of  different  catalytic  reactions  in  heat 
transfer  by  performing  tests  in  different  gases. 

Here  we  present  the  macrokinetic  model  for  the  catalytic 
recombination  of  the  O  atoms  and  CO  molecules, 
reactions  which  accompany  the  heat  transfer  from 
dissociated  carbon  dioxide  to  TPM  surface,  formulated 
before  in  ref.  29. 

The  following  assumptions  are  taken  in  this  rather  simple 
model: 

•  adsorption  of  oxygen  atoms  dominants  over  other 
species  adsorption; 

•  adsorption  of  oxygen  atoms  and  desorption  of  the 
products  are  fast  reactions; 

•  recombination  reactions  O+O— *02  and  C0+0->C02 
follow  the  Eley-Rideal  mechanism  0+S—K)_S, 
0+0  S->02+S,  CO+  0_S—>C02+S,  where  5  is  the 
site,  0_S  is  the  adsorbed  oxygen  atom  (adatom); 

•  recombination  reaction  C+20—>C02  follows  the 
Langmuir-Hinshelwood  mechanism  C+0_S—>C0_S, 

co_s+o_s->co2+s. 

This  scheme  leads  to  the  first  order  reactions  of  the  O 
atoms,  CO  molecules  and  C  atoms  with  three 
independent  effective  parameters  -  catalytic  efficiencies 
Ywo ,  Ywco  and  yWc  (0<.y»/<l).  The  case  ywo  =  Ywco  ~  Ywc 
=0  corresponds  to  a  noncatalytic  wall,  the  case  yw0  = 
Ywco  =  Ywc~  1  -  to  a  fully  catalytic  wall. 

If  ym  is  identified  with  effective  probability  of  catalytic 
recombination  of  atoms  with  the  number  /',  then  the 
boundary  conditions  for  mass  fraction  of  /-atoms  at  the 
wall  has  the  following  form 
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Here  J,  is  the  mass  diffusion  flux  and  KWi  is  the  effective 
rate  of  catalytic  recombination  of  /-atoms  (the  diffusion 
velocity  of  /-atoms  at  the  wall).  If  yWi  «1,  then 
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In  literature  the  last  expression  occurs  more  frequently, 
then  the  exact  expression. (13. 2).  For  a  low  catalytic  wall 
it  is  quite  accurate,  practically  if  ym  <0.1.  But  in  the  full 
range  of  yWi  the  formula  (13.3)  is  incorrect,  because  it 
was  obtained  for  the  case  when  the  distribution  function 
of  atoms  was  assumed  to  be  Maxwell  fimction.  If  the 
wall  is  sufficiently  catalytic,  it  disturbs  the  Maxwell 
distribution  due  to  the  gradient  of  atomic  fraction  and 
diffusion  velocity  becomes  different  from  the  thermal 
velocity  of  atoms. 


In  addition  to  the  boundary  conditions  (13.1)  the 
conditions  of  the  total  mass  balance  and  mass  balance  of 
atoms  at  the  surface  must  be  added.  For  example,  for  5- 
species  dissociated  carbon  dioxide  mixture  ( C02 ,  CO, 
02,  O,  C)  the  following  necessary  conditions  of  the  O 
and  C  atoms  balance  must  be  implemented  in  the  ID 
boundary  layer  code: 
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For  the  subsonic  test  conditions  located  in  the  optimal 
region  (see  Fig.  4)  it  is  necessary  to  measure  at  least  two 
flow  parameters  -  the  enthalpy  and  head  velocity.  The 
direct  enthalpy  measurements  still  are  not  in  fact  because 
there  are  not  standard  conditions  for  calibration,  and  any 
theory  of  an  enthalpymeter  with  an  accurate  analysis  of 
coupled  effects  of  a  nonequilibrium  boundary  layer  does 
not  exist. 


The  experimental  key  point  of  our  methodology  is  a 
measurement  of  the  stagnation  point  heat  flux  to  the 
cooled  surface  with  a  standard  high  catalytic  efficiency. 
The  search  of  surfaces  with  such  extreme  property  is  an 
indispensable  step  for  TPM  catalycity  prediction.  After  a 
considerable  number  of  plasma  tests  performed  with 
different  metals  it  was  found  that  in  dissociated  air  and 
nitrogen  flows  the  copper  and  platinum  are  the  best 
catalysts  [refs.  26,  27,  17],  in  dissociated  oxygen  and 
carbon  dioxide  flows  the  silver  has  the  same  feature 
[refs.  29,  30],  So,  the  measurements  of  heat  transfer  to 
the  cooled  wall  is  one  of  the  stepping  stones  to  TPM 
catalycity  prediction. 

The  next  one  -  the  steady  state  measurements  of  the 
dynamic  pressure  of  the  high-enthalpy  subsonic  flow 
which  were  discussed  in  the  chapter  8.  Those  two 
measured  parameters  are  necessary  and  sufficient  for  the 
rebuilding  of  flow  conditions  if  the  flow  core  is  in 
equilibrium,  the  measured  maximum  heat  flux  is  related 
to  a  fully  catalytic  wall  and  hydrodynamic  parameters  are 
derived  from  the  CFD  modeling.  In  this  case  the  free 
stream  velocity  and  thermodynamic  parameters  at  the 
flow  axis  can  be  determined  from  the  numerical  solution 
of  the  following  nonlinear  algebraic  equations: 


*w 


=  0.763 Pr-M(peK)l/2(^)^(^^^(he  _  V 
eff  Pe^e 


A p  =  k(Re)pV f  /  2,  p  —  pgRT  /  m 


F( p,T  ,c  )  =  0 

r  e  le 7 


14.  Numerical  Rebuilding  of  Flow  Parameters 

The  characterization  of  the  free  stream  conditions 
(velocity,  pressure,  enthalpy,  chemical  composition)  is 
the  crucial  point  in  the  problem  of  the  TPM  catalycity 
prediction  from  the  heat  transfer  test.  The  diagnostic  of 
high-enthalpy  reacting  gas  flows  still  is  a  quite 
challenging  problem.  In  fact,  we  have  to  predict  reliable 
data  on  the  TPM  catalycity  on  the  basis  of  incomplete 
information  on  a  plasma  flow  in  facility. 

It  is  essential  to  understand  that  the  quality  of  the  result 
is  quite  sensitive  to  the  choice  of  the  test  regimes.  For 
subsonic  tests  the  main  flow  uncertainties  are  connected 
with  the  jet  nonuniformity  and  displacement  from 
equilibrium.  So,  it  is  vital  to  find  optimal  test  regimes 
and  then  to  determine  profiles  of  the  parameters  (not 
only  local  or  average  values). 


Here,  the  first  formula  is  the  Fay-Riddell  formula  [ref.  2] 
adapted  and  verified  for  subsonic  flows,  the  last  formulae 
are  the  chemical  equilibrium  equations  for  the  considered 
gas  mixture,  qw,  Ap  are  the  measured  parameters,  k(Re) 
is  the  coefficient  which  takes  into  account  the  effect  of 
the  viscosity  at  low  Reynolds  numbers  Re,  ReJf  is  the 
effective  radius  of  the  model  which  depends  on  the  flow 
geometry,  the  model  and  channel  radii  Rm  and  Rc. 

The  geometrical  parameter  Rejj  is  expressed  in  term  of 
the  velocity  gradient  at  the  model  stagnation  point  Reff 
=VS  (dlJe/dr) o'  and  must  be  determined  from  the 
numerical  solution  of  the  Navier-Stokes  equations  for  the 
subsonic  flow  past  a  model. 

For  the  IPG-4  plasmatron  with  the  discharge  channel  of 
80  mm  in  diameter  and  the  standard  euromodel  with  a 
flat  face  and  50  mm  in  diameter  at  the  stagnation  point 
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configuration  Reff  =1.28  Rm.  The  formulae  of  kinetic 
theory  for  transport  properties  should  be  included  in  the 
procedure  described  above. 

The  results  of  this  procedure  application  for  the 
rebuilding  of  the  subsonic  high  enthalpy  carbon  dioxide 
flow  conditions  as  the  functions  of  the  generator  anode 
power  at  the  pressure  0. 1  atm  are  presented  in  Fig.  12. 


Fig.  12.  Enthalpy  (MJ/kg)  and  velocity  (m/s)  of  carbon  dioxide 
flow  at  the  center  of  the  plasmatron  exit  as  functions  of  anode 
power  at  p=0. 1  atm  and  G=1.8  g/s. 

15.  Procedure  of  the  TPM  Catalycity  Determination 

Let’s  consider  the  catalycity  determination  technique  for 
the  case  when  the  surface  is  being  flown  by  high  enthalpy 
gas  which  is  a  binary  mixture  of  atoms  and  molecules 
(dissociated  nitrogen  or  oxygen).  The  first  step  consists 
in  the  study  of  the  heat  transfer  to  a  cold  wall  from  both 
sides  -  experimental  and  numerical.  In  the  experimental 
part  it  is  important  to  perform  tests  with  different  cooled 
metallic  surfaces  -  as  many  as  possible  -  and  to  put  the 
data  in  the  order  of  catalytic  efficiency.  At  this  step  the 
traditional  presentation  of  the  calculated  heat  fluxes  as 
the  functions  of  yw  in  5-like  curves  is  required  (see  Fig. 
13  with  data  for  tests  in  high  enthalpy  nitrogen  flows  in 
the  IPG-2  plasmatron). 

The  search  of  the  standard  material  with  the  minimal 
catalytic  efficiency  is  also  a  key  point.  The  heat  flux 
from  a  nonequilibrium  boundary  to  a  noncatalytic  wall 
(ytfr= 0)  is  quite  sensitive  to  gas-phase  recombination  of 
atoms.  So,  the  comparison  of  numerical  data  for  this  case 
with  the  measured  minimal  heat  flux  reveals  the  way  to 
verify  the  data  on  the  rates  of  the  atom-atom 
recombination  implemented  in  the  CFD  codes.  If  an 
experimental  point  drops  out  of  the  numerically 
predicted  heat  flux  range,  bounded  below  with  the 


minimum  corresponding  to  yw= 0,  that  means  that  the  rate 
of  atom-atom  recombination  is  the  excessive  one.  In  this 
way  we  found  [refs.  27,  30]  that  the  data  for  nitrogen  and 
oxygen  atom-atom  recombination  from  ref.  53  had 
provided  the  excessive  rates.  So,  standard  noncatalytic 
materials  are  indispensable  tools  for  the  validation  of 
data  base  for  the  gas-phase  chemistry. 


Fig.  13.  Stagnation  point  heat  fluxes  to  cooled  surfaces  in 
dissociated  nitrogen  flows  as  functions  of  catalytic  efficiency 
at  different  pressures  [ref.  26],  Dots  -  measurements,  curves  - 
calculations:  1-0.1  atm,  2-0.2  atm,  3-0.3  atm,  4-0.4  atm. 
IPG-2,  he~21  MJ/kg,  Rm=1.5  cm. 

The  CFD  modeling  produces  a  lot  of  information  and  a 
quite  important  question  about  the  presentation  of 
numerical  data  in  the  way  mostly  convenient  for  the 
experimental  data  analysis  turns  up.  Concerning  the  TPM 
catalycity  prediction,  the  method  of  a  heat  transfer  chart, 
proposed  by  the  author  at  the  beginning  of  1980’s,  still 
remains  very  efficient.  A  whole  spectrum  of  the  heat 
transfer  conditions  can  be  presented  by  the  one  heat  flux 
chart  in  qw-Tw  coordinates  (measured  parameters)  for  the 
given  test  regime  and  model  geometry. 

As  an  example,  Fig.  14  presents  the  heat  flux  chart  for 
the  subsonic  test  with  pure  nitrogen  performed  by  the 
IPG-2  plasmatron  at  the  pressure  0.1  atm,  enthalpy 
he= 20  MJ/kg  and  for  a  cylindrical  model  with  a  flat  face 
of  30  mm  in  diameter.  The  solid  curves  are  the 
dependencies  qw(Tw)  at  constant  Kw  values  (0</t «/<«). 
The  upper  curve  1  corresponds  to  a  fully  catalytic  surface 
(Kw=oz),  the  lower  curve  -  to  a  noncatalytic  surface 
(A)r=0).  The  dash  curve  presents  the  heat  transfer  rate  to 
the  noncatalytic  surface  calculated  for  the  frozen 
boundary  layer,  i.e.  the  lower  theoretical  limit  for  the 
heat  flux.  The  actual  calculated  heat  flux  envelope  is 
bounded  from  the  right  side  by  the  curve  qw=sth<jTw, 
which  corresponds  to  radiative-equilibrium  wall,  so,  the 
right  border  is  depended  from  the  TPM  optical 
properties. 
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The  location  of  an  experimental  point  is  determined  by 
two  measured  coordinates  qw  and  Tw.  The  measured  heat 
fluxes  to  the  cooled  copper  surface  (7^300  K)  were 
used  as  a  caliber  value  of  the  heat  flux  to  the  fully 
catalytic  wall.  So,  the  upper  left  comer  of  the  chart  in 
Fig.  14  is  matched  with  the  experimental  point,  presented 
the  copper  cooled  surface.  Each  experimental  point  gives 
one  value  of  surface  catalycity  (for  one  measured 
temperature  value),  which  is  determined  by  the  point 
position  relative  to  curves  y^const. 


Fig.  14.  Heat  flux  chart  and  experimental  data  for  the  subsonic 
test  with  pure  nitrogen  [ref.  17],  IPG-2:  p-0.1  atm,  he=  20 
MJ/kg,  Vs=160  m/s,  Rm=1.5  cm.  I-  Cu,  II  -  Ni,  III  -  Be,  IV-  W, 
V  -  Mo,  VI  -  pyrographite,  VII  -  carbon,  VIII  -Si02  coating,  IX 
-  ceramic  tile,  X  -  quartz,  XI  -  C-C  with  antioxidation  coating, 
XII  -  Si02  coating  on  carbon:  dash  line  -  frozen  boundary 
layer  with  Kw=0. 

All  data  for  cold  metals  are  located  along  the  left  border 
of  the  heat  flux  envelope  in  the  Fig.  14.  The  minimum  of 
the  measured  heat  flux  corresponds  to  molybdenum.  The 
data  for  quartz  and  tile  coating  are  gathered  along  the 
curve  which  corresponds  to  /f,<~lm/s  (y ((/«3  ■  1 0‘3),  which 
means  that  the  catalytic  efficiency  of  the  quartz-based 
surfaces  does  not  depend  sufficiently  on  surface 
temperature  in  the  case  of  atomic  nitrogen 
recombination. 

The  heat  flux  chart  for  the  subsonic  test  with  pure 
oxygen  performed  recently  by  using  the  IPG-4 
plasmatron  at  the  pressure  0.1  atm,  for  the  euromodel 
configuration  looks  quite  similar  (Fig.  15).  We  can  find 
from  Fig.  14  and  15  that  the  catalytic  efficiencies  of  the 
quartz-based  materials  in  dissociated  nitrogen  and 
oxygen  flows  are  rather  close. 

For  a  multicomponent  mixture  the  several  catalytic 
efficiencies  should  be  determined  from  catalycity  tests:  at 
least  two  for  5-species  dissociated  air  and  carbon  dioxide 
to  characterize  the  catalytic  reactions  O+O ->02  (ywo), 


N+N->N2  (y wn)  in  air  and  0+0->02  (yWo),  C0+0->C02 
(' Ywco )  in  carbon  dioxide.  In  fact,  it  is  possible  to  rebuilt 
only  one  parameter  of  the  surface  catalycity  using  the 
present  methodology. 


Fig.  15.  Heat  flux  chart  and  experimental  data  for  the  subsonic 
test  with  pure  oxygen  [ref.  30],  IPG-4:  p=0.1  atm,  he=  20 
MJ/kg,  euromodel  with  Rm=2.5  cm;  curves  1-7:  Yw=l,  10'1, 
3 -10'2,  I  Or2,  3 -I  O'3,  1CT3,  0. 

Therefore,  for  those  mixtures  one  parameter  must  be 
specified  in  advance  on  the  basis  of  tests  performed  in 
simple  gases,  or  we  have  to  introduce  some  average 
catalytic  efficiency  for  the  two  or  more  reactions.  We  see 
from  the  data  presented  in  Fig.  14  and  15  that  we  can  use 
such  effective  catalycity  assuming  that  /wcr/m:  for  the 
quartz-based  materials  in  dissociated  air. 

The  one  calculated  chart  of  the  stagnation  point  heat  flux 
is  shown  on  Fig.  16  for  the  subsonic  test  with  carbon 
dioxide  performed  by  the  IPG-4  plasmatron  at  p= 0.1 
atm,  Nap=- 45  kW  (he= 21,2  MJ/kg).  The  equality 
1wco=lwo=yw  was  assumed  in  the  surface  catalysis 
model.  The  upper  solid  curve  I  corresponds  to  a 
complete  C02  reduction  (y^l),  the  lower  curve  7  -  to  a 
noncatalytic  surface  (y^O).  All  experimental  data  for 
quartz  are  spaced  along  the  curve  5  (y^=3  10'3).  Those 
data  and  the  data  shown  in  Fig.  15  justify  the  above 
mentioned  assumption  ywccrlwo  for  the  quartz-based 
materials. 

But  in  general,  one  should  be  careful  when  an  average 
catalytic  efficiency  is  being  introduced.  For  example,  it  is 
incorrect  for  the  surface  catalysis  on  a  cold  titanium 
surface  in  dissociated  air.  As  was  found  in  ref.  26,  the 
catalytic  recombination  of  the  O  and  N  atoms  on  titanium 
have  quite  different  efficiencies:  y^O,  y^o=10"2.  Due  to 
this  difference  the  effect  of  the  anomalous  increasing  of 
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heat  transfer  to  the  titanium  surface  exposed  in 
dissociated  nitrogen  flow  was  observed  when  oxygen 
was  slightly  injected  from  surface  into  the  boundary  layer 
(Fig.  17,  [ref.  54]). 


Fig.  16.  Heat  flux  chart  and  experimental  data  for  the  subsonic 
test  with  carbon  dioxide  [refs.  29,  30],  IPG-4:  p=0.1  atm,  he= 
30  MJ/kg,  euromodel  with  Rm-2.5  cm;  curves  1-7:  yw=l,  HP1, 

3-i  a2,  io -2, 3-icr3,  i0'\  o. 

This  effect  was  caused  by  the  formation  of  oxygen  atoms 
near  the  surface  and  their  diffusion  toward  surface  which 
was  quite  catalytic  to  O  atoms  recombination.  Therefore, 
heat  flux  was  increasing  in  comparison  with  heat  flux  to 
noncatalytic  wall  (in  pure  nitrogen). 


io  20  30  G-104. 9/sec 


Fig.  1 7.  Effect  of  the  stagnation  point  heat  flux  increasing  at  a 
weak  injection  of  the  oxygen  into  nonequilibrium  boundary 
layer  near  the  titanium  surface  exposed  in  flow  of  the 
dissociated  nitrogen  [ref.  50];  G  -  mass  flow  rate  of  oxygen,  fw 
-dimensionless  stream  function;  1  -  KWO=KWN=104  m/s;  2  - 
Kfyo~0,  Fy.'X'  1 04  m/s;  3  -  K^q—  104  m/s,  Kwn=0;  4  - 
K\vo=2  m/s,  Kym=0;  5  -  Kwo—Kwj^O. 


16.  Discussion 

On  the  basis  of  the  presented  self-consistent 
experimental-theoretical  methodology  the  efficiencies  of 
the  catalytic  recombination  of  the  N  and  O  atoms,  and 
CO  molecules  were  extracted  from  high  enthalpy  tests 
with  dissociated  nitrogen,  air,  oxygen  and  carbon  dioxide 
flows  performed  by  using  the  IPG-2  and  IPG-4 
plasmatrons  in  subsonic  regimes  at  pressure  p> 0.1  atm, 
when  free  streams  in  the  core  were  close  to  the  thermal 
and  chemical  equilibrium.  The  appropriate  CFD  codes 
and  methodology  for  the  modeling  of  the  whole  flow 
field  in  the  plasmatrons  and  the  rebuilding  of  the  free 
stream  conditions  were  developed. 

Normally,  one  test  regime  gives  one  value  of  yw  for  the 
appropriate  surface  temperature.  In  order  to  obtain  the 
dependence  yw(Tw)  the  variation  of  the  free  stream 
parameters,  the  different  test  models  and  heat  probes 
were  used  in  experiment.  A  lot  of  computations  were 
carried  out  in  order  to  analyze  the  test  data.  As  an 
example,  Fig.  18  presents  in  the  Arrhenius  coordinates 
data  for  yw0  and  average  efficiency  yw  obtained  in  pure 
oxygen  and  carbon  dioxide  subsonic  gas  flows  for  quartz 
and  tile  coating  [refs.  28-30].  Taking  into  account  some 
scattering  of  the  data  we  can  see  that  the  presented  data 
are  in  satisfactory  agreement  with  the  well  known  data  on 
the  recombination  of  oxygen  atoms  on  quartz  from  ref. 
55  and  on  RCG  presented  in  ref.  5. 

5 


1000/Tw 

Fig.  18.  Surface  catalytic  efficiency  versus  temperature  in 
carbon  dioxide  and  oxygen  [refs.  28-30],  Carbon  dioxide:  1  - 
quartz,  2-  tile,  3  -  molybdenum;  Oxygen:  4  -  quartz,  5  -  tile,  6 
-  quartz  (ref.  [55]),  7  -  RCG  (ref.  [5]). 

The  data  on  the  quartz  average  catalytic  efficiency  in 
carbon  dioxide  flows  have  a  slight  temperature 
dependency  and  almost  Arrhenius  like  behavior.  On  the 
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whole,  the  data  for  ywo  are  quite  close  to  the  data  for  the 
average  efficiency  yw  obtained  from  tests  with  carbon 
dioxide.  A  good  agreement  between  the  efficiency  of  the 
catalytic  reaction  O+O— >02  and  the  average  efficiency  of 
the  catalytic  reactions  O+O ->02,  C0+0-+C02  on  a 
quartz  surface  confirms  the  simple  model  of  catalysis 
proposed  in  ref.  29. 

It  appeared  that  catalytic  efficiencies  of  the  Buran  tile 
coating  in  dissociated  air  and  carbon  dioxide  flows  are 
quite  close.  Our  recent  data  on  atomic  oxygen  and 
carbon  monoxide  catalytic  recombination  [refs.  29,  30] 
have  shown  the  maximum  in  the  dependence  y W(TW)  at 
7V-1670  K  and  the  decreasing  yw  at  higher  temperatures 
due  to  the  high  efficiency  of  the  atomic  oxygen  surface 
desorption.  The  numerical  analysis  of  the  experimental 
data  obtained  from  tests  with  dissociated  air,  carbon 
dioxide  and  pure  oxygen  flows  has  revealed  the 
similarity  between  the  heterogeneous  recombination 
mechanisms  on  the  ceramic  tile  surface  in  the  dissociated 
air  and  carbon  dioxide  gas  flows  and  pointed  out  the 
atomic  oxygen  adsorption-desorption  and  recombination 
as  dominant  factors  in  catalytic  processes  accompanying 
the  vehicles  entry  in  the  Earth  and  the  Martian 
atmospheres. 

Conclusion  &  Outlook 

The  inductive  plasmatrons  of  the  IPG  family  appeared  as 
necessary  and  capable  ground  tools  for  the  simulation  of 
the  real  gas  phenomena  and  plasma/surface  interaction 
during  the  Buran  vehicle  campaign  in  1978-1988.  The 
catalytic  efficiencies  of  the  black  ceramic  tile  surface  and 
antioxidation  coating  of  the  C-C  material  theoretically 
predicted  from  the  IPG-2  and  IPG-4  plasmotrons  tests 
were  completely  confirmed  in  flight  experiments  with  the 
Bor  and  Buran  vehicles.  Recent  researches  [refs.  24,  28- 
30,  32]  have  revealed  good  capabilities  of  the  IPG-4 
plasmatron  for  the  simulation  of  thermochemical  loads 
on  heat  shields  of  the  Mars  Pathfinder  and  future  Mars 
Probe  vehicles  [ref.  56],  including  surface  catalysis 
effects. 

One  of  the  main  lessons  learned  from  the  previous 
experience  in  inductive  plasma  applications  in  the 
atmospheric  reentry  problem  -  the  necessity  of  the  CFD 
codes  implementation  as  standard  tools  for  the 
characterization  of  the  high-enthalpy  facilities  and  for  the 
prediction  of  the  surface  catalycity.  Another  lesson:  CFD 
models  must  be  verified  in  the  whole  possible  operating 
domain.  Any  disagreement  between  the  measured  and 
computed  data  should  be  accepted  as  a  positive 
motivation  for  the  validation  of  both  parts  of  the 
collected  information  on  flow  conditions  and  heat 
transfer  parameters. 

Apparently  inductive  plasmatrons  have  powerful 
potential  capabilities  for  future  challenges.  The  nearest 
problems  are  connected  with  uncertainties  of 
nonequilibrium  inductively  coupled  plasma  flows  and 


TPM  catalycity  prediction  at  low  pressures  ~  10~2  atm. 
Judicious  CFD  codes  for  multi-temperature  sub-  and 
supersonic  reacting  plasma  flows  computations  must  be 
developed  and  combined  with  precise  measurements  of 
the  enthalpy  and  flow  fields  including  the  emission 
spectroscopy  analysis  within  the  flow  core  and  boundary 
layers.  Precise  techniques  for  the  characterization  of  the 
TPM  optical  properties  at  high  temperatures  should  be 
included  into  the  list  of  standard  plasmatron 
measurements.  For  the  promising  inductive  plasma 
applications  to  sample  return  missions  the  operating 
envelope  has  to  be  expanded  toward  the  pressures  above 
1  atm.  In  this  field  the  coupled  problem  of  the  RF 
discharge  plasmadynamics  and  radiative  gasdynamics  is 
coming  fast. 
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Summary 

The  concept  of  the  local  heat  transfer  simulation  (LHTS) 
of  the  high  enthalpy  flow  action  on  a  vehicle  stagnation 
point  formulated  in  refs.  1,  2  is  based  on  the  requirement 
to  locally  provide  in  a  ground  test  the  same  boundary 
layer  on  the  model  at  the  stagnation  point  as  at  the  re¬ 
entry  conditions.  The  present  methodology  of  the 
extrapolation  from  ground  to  flight  consists  of  the  three 
main  parts:  1)  the  recalculation  of  the  test  conditions  to 
flight  parameters,  2)  the  prediction  of  the  test  conditions 
for  the  given  hypersonic  flight  parameters  and  3)  the 
validation  of  the  extrapolation  procedure. 

The  application  and  validation  of  this  concept  are  carried 
out  through  the  comparative  analysis  of  the  computed 
heat  transfer  rates  and  profiles  of  the  gas  temperature  and 
atoms  fractions  within  boundary  layers  near  the  model  in 
the  subsonic  high  enthalpy  air  flow  and  near  the  blunt 
body  in  the  hypersonic  air  flow,  whose  parameters  are 
extrapolated  from  the  inductively  heated  air  plasma 
experiment.  It  is  established  that  the  LHTS  concept 
provides  an  excellent  accuracy  if  air  temperatures  at  the 
outer  edges  of  both  boundary  layers  near  a  model  and  a 
body  are  close  to  equilibrium  values,  or  if  the  surface  has 
a  high  or  moderate  catalycity. 

The  algorithm  of  determination  of  the  trajectory  point  for 
which  the  complete  local  duplication  of  the  heat  transfer 
is  possible  is  presented.  Another  examples  of  the  LHTS 
concept  applications  are  shown  through  an  analysis  of 
the  capabilities  of  the  IPG-4  plasmatron  for 
thermochemical  simulation  at  the  Mars  probe  entry 
conditions,  and  through  the  prediction  of  the  plasmatron 
subsonic  test  parameters  for  the  duplication  of  the 
stagnation  point  heat  transfer  to  the  Mars  Pathfinder 
aeroshell  at  the  peak-heating  conditions  in  the  Martian 
atmosphere.  The  computed  stagnation  point  heat  flux 
range  for  the  model  in  the  subsonic  dissociated  carbon 
dioxide  flow  in  the  whole  range  of  surface  catalycity  is 
found  in  sufficient  agreement  with  the  viscous-shock 
layer  analysis  carried  out  in  ref.  3  for  the  Mars  Pathfinder 
aeroshell  without  the  surface  ablation. 

1.  Introduction 

In  fact,  only  partial  heat  transfer  simulation  for 
atmospheric  entry  conditions  could  be  achieved  by  using 
high  enthalpy  wind  tunnels  [ref.  4],  The  stagnation  point 
configuration  is  most  important  for  the  TPM  samples 


testing  and  surface  catalycity  rebuilding  [refs.  5-14],  In 
particular,  the  catalytic  properties  of  the  TPM  for  the 
Buran  space  vehicle  were  studied  by  using  the  inductive 
plasmatron  IPG-2  on  cylindrical  models  of  the  30  mm  in 
diameter  with  a  flat  face  [ref.  7],  In  subsonic  high- 
enthalpy  flows  of  dissociated  nitrogen,  oxygen  and  air, 
the  effective  probabilities  Ywn.o  of  the  catalytic 
recombination  of  the  N  and  O  atoms  on  the  ceramic  tile 
coating  and  the  antioxidation  coating  of  the  carbon- 
carbon  material  were  determined  at  the  enthalpy  20-22 
MJ/kg  in  the  pressure  range  0. 1-0.3  atm  and  the  surface 
temperature  up  to  1750  K:  it  was  found  that  for  the  tile 
surface  y(fWiO<3-10'3,  for  the  antioxidation  coating  of  the 
C-C  material  ymo  ~7-l(T3  [refs.  2,  7],  Those  ground  data 
were  completely  confirmed  by  the  Bor  and  Buran  space 
vehicles  flight  experiments  [refs.  15,  16]. 

The  first  data  on  catalytic  efficiencies  of  quartz-based 
materials  and  C-C  materials  have  been  recently  predicted 
from  heat  transfer  tests  in  dissociated  carbon  dioxide 
flows  performed  by  using  the  100-kW  inductive 
plasmatron  IPG-4  in  subsonic  regimes  [refs.  12-14],  The 
question  appears  how  we  can  extrapolate  those  data  for 
entry  conditions  in  the  Martain  atmosphere? 

It  is  almost  obvious  now  that  the  requirements  to 
duplicate  in  tests  only  full-scale  values  of  stagnation 
pressure  and  surface  temperature  [ref.  9]  or  total  enthalpy 
[ref.  10]  are  insufficient  for  the  complete  simulation  of 
the  heat  transfer  and  oxidation  and  we  still  need  to 
answer  the  key  question:  for  what  hypersonic  flight 
conditions  can  we  substantially  use  the  ground  tests  data 
on  the  TPM  catalytic  properties  or  thermo-chemical 
resistance  for  the  prediction  of  the  full-scale  heat  transfer 
or  vehicle  surface  aging? 

For  the  case  of  the  stagnation  point  heat  transfer  (most 
important  from  the  practical  point  of  view)  this  question 
can  be  solved  on  the  basis  of  the  LHTS  concept 
formulated  in  refs.  1,  2.  This  concept  includes  the 
requirements  to  provide  in  high-enthalpy  tests  the  same 
values  of  the  total  enthalpy,  the  stagnation  pressure  and 
the  velocity  gradient  at  the  stagnation  point  of  the  model 
as  in  a  hypersonic  flow  around  the  vehicle  at  the  given 
reentry  trajectory  point.  By  means  of  this  rather  simple 
theory  the  ground  test  data  could  be  extrapolated  to  flight 
conditions  if  we  know  flow  fields  around  a  model  and  a 
body  (practically  -  effective  radii  of  a  model  and  a  body 
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nose).  Undoubtedly,  an  accuracy  of  such  extrapolation 
should  be  estimated. 

In  this  paper  some  results  of  application  and  validation  of 
this  concept  are  presented.  The  validation  is  carried  out 
through  the  direct  comparison  of  the  numerical  solutions 
of  the  ID  boundary  layer  problem  for  the  high-enthalpy 
experiment  and  the  corresponding  ID  thin  shock  layer 
problem  for  the  extrapolated  flight  parameters.  The  well 
documented  experimental  and  numerical  results  for 
subsonic  high  enthalpy  air  flow  parameters  in  the 
inductive  plasmatron  IPG-2  [ref.  2]  are  used. 

By  means  of  the  LHTS  theory  the  test  parameters  are 
recalculated  to  hypersonic  flight  conditions  and  then  the 
nonequilibrium  boundary  layer  near  the  model  and  the 
shock  layer  near  the  body  along  the  stagnation  line  are 
computed  for  a  5-species  dissociated  air.  Then  stagnation 
point  heat  fluxes,  temperature  and  the  profiles  of  N  and 
O  atoms  mass  fractions  within  two  boundary  layers  are 
compared. 

It  is  shown  that  the  surface  catalycity  and  the 
displacement  of  air  temperature  from  the  equilibrium 
values  at  the  outer  edges  of  boundary  layers  are  the 
factors  in  the  actual  accuracy  of  the  presented  test-to- 
flight  extrapolation. 

The  algorithm  of  the  determination  of  the  trajectory  point 
for  which  the  local  thermochemical  simulation  could  be 
realized  by  using  plasmatron  is  described.  Two  another 
examples  of  the  applications  of  the  LHTS  concept  are 
demonstrated  through  analysis  of  the  Mars  probe 
trajectory  [ref.  17]  and  test  parameters  required  for  the 
stagnation  point  heat  transfer  simulation  for  the  Mars 
probe  and  the  Mars  Pathfinder  aeroshell  at  the  trajectory 
peak-heating  point  in  the  Martian  atmosphere  [ref.  3]  by 
using  the  100-kW  inductive  plasmatron  IPG-4  [refs.  11- 
14]  and  the  standard  European  model  configuration  [refs. 
9,  12-14],  The  numerically  predicted  heat  transfer  range 
for  the  experiment  in  a  subsonic  high-enthalpy  carbon 
dioxide  flow  is  found  in  good  agreement  with 
computations  for  the  Mars  Pathfinder  aeroshell  from  ref. 

3  in  the  whole  range  of  the  surface  catalycity. 

2.  Concept  of  the  Local  Heat  Transfer  Simulation 
Our  way  to  study  the  problem  of  the  ground-to-flight 
extrapolation  lies  in  the  use  of  the  theory  of  the  local  heat 
transfer  simulation  formulated  in  refs.  1,  2.  At  least  for 
the  case  of  the  stagnation  point  heat  transfer  we  can  point 
out  the  hypersonic  flow  parameters  and  a  blunt  body 
radius  which  are  in  direct  correspondence  with  high 
enthalpy  subsonic  flow  parameters  and  a  model  radius 
(Fig.  1)  if  both  surfaces  have  the  same  catalycity  and 
emissivity  and  also  the  same  heat  transfer  boundary 
conditions  (for  example,  radiative-equilibrium  walls). 

The  analysis  is  based  on  the  boundary  layer  theory  for 
dissociated  reacting  gases.  Fay  and  Riddell  theory  [ref. 
18]  gives  the  following  expression  for  the  heat  flux  at  the 


Fig.  1.  Schemes  of  hypersonic  flow  around  a  blunt  body  and 
the  stagnation  point  heat  transfer  simulation  in  subsonic  high 
enthalpy  flow  in  plasmatron. 

stagnation  point  of  a  blunt  body  with  a  fully  catalytic 
surface  which  is  being  flown  by  a  hypersonic  flow: 


qw  =  0.763  Pr-QA(peV x 

ds  Pe^e 


(2.1) 


For  the  case  of  the  frozen  boundary  layer  the  Goulard’s 
solution  of  the  boundary  layer  problem  [ref.  19]  gives  the 
following  formula  for  the  stagnation  point  heat  flux  to 
the  wall  with  arbitrary  catalycity: 


% = ^p^2/3(pepe)x/2(~^)r(He vn+ 

+( Ze2/3o -i;—  ■'  7 

".-V 


(2.2) 


0>  = 


u  0-47^-2/3(2^D  /^0pepg//2> 
<  pwkw 


Here  H  is  the  total  enthalpy,  h  is  the  enthalpy,  h°A  is  the 

enthalpy  of  formation  of  atoms,  c  is  the  mass  fraction  of 
atoms,  p  is  the  density,  p  is  the  viscosity,  (dUe/ds)0  is  the 
velocity  gradient,  Pr  is  the  Prandtl  number,  Le  the  Lewis 
number,  Sm  is  the  Schmidt  number.  The  subscripts  e  and 
w  denote  the  outer  edge  of  the  boundary  layer  and  the 
body  surface,  respectively. 


The  analysis  of  the  formulae  (2.1)  and  (2.2)  has  revealed 
the  three  independent  factors  which  control  the  heat  flux: 
He-hw,  pe  and  (dUJds)0.  In  the  case  when  the  flow  at  the 
outer  edge  of  the  boundary  layer  is  in  equilibrium,  pe  is 
the  function  of  he(=He)  and  pe,  and  accordingly  to 
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Goulard’s  solution  [ref.  19]  hw appears  to  be  a  parameter 
dependent  on  he,  pe,  (dU</ds)o  and  Tw.  Therefore,  the 
stagnation  point  heat  flux  qwi$  completely  determined  by 
the  boundary  condition  on  the  body  and  the  three 
parameters  at  the  outer  edge  of  the  boundary  layer:  the 
enthalpy,  the  stagnation  pressure  and  the  velocity 
gradient. 

We  see,  that  the  sufficient  conditions  of  equality  of  the 
heat  fluxes  in  flight  and  in  ground  test  are  the  equalities 
of  these  three  parameters  in  the  two  flows: 

HS=HX,  pes~Pecc~Pw)i  (dUe/ds)0S=  (dlJJds)oo:  (2.3) 

where  the  subscripts  x  and  S  relate  to  the  flight  and 
ground  conditions. 

Let’s  consider  the  conditions  of  duplication  of  the 
stagnation  point  heat  transfer  to  a  blunted  body  of  radius 
Rw,  which  is  being  flown  by  a  hypersonic  flow  with 
velocity  V„  and  density  in  an  axisymmetric  high 
enthalpy  subsonic  flow  with  velocity  Vs  and  static 
pressure  ps  by  using  a  cylindrical  blunted  model  of 
radius  R,„  (Fig.  1). 

From  the  first  equality  (2.3)  the  equality  of  the  total 
enthalpies  of  the  two  flows  follows: 

\v2s+hs  =  H«  <2-4> 

The  second  necessary  condition  reduces  to  the  relation 
between  the  static  pressure  of  the  free  stream  in  a  plasma 
wind  tunnel  and  the  given  stagnation  pressure  pw,  which 
is  described  by  the  approximate  Poisson’s  adiabat 
equation  for  a  real  gas  [ref.  20] : 

Ps(l+y-^Ml)y*S/(uS-l^pw>(2.5) 

1 

J*s  l-ps/pshs 


where  y.s  is  the  effective  specific  heat  ratio,  and  Ms<\  is 
the  Mach  number  of  the  simulating  flow. 

Let’s  represent  the  third  condition  -  the  equality  of  the 
stagnation  point  gradients  -  in  the  form 


/  R 

S  n 


=  V  /  R* 


(2.6) 


R 


m,N 


V„  /(dU  /  dsL„ 

S,x  '  e  'OS, a: 


(2.4)-(2.5)  we  obtain  the  parameters  of  the  ground  free 
stream  in  the  following  form: 


Vs/Vx^,  hs/Hx  =  1-G2, 
Ps/  Pw  =  (1-^) 


2  ?*S/(y 


Ml= - - - 

t  =  R*m/R*N,^  =  (Vl/2Hje, 
4lHa 


y*s~l 


U*s  +  1 


(2.7) 

(2.8) 

(2.9) 

(2.10) 


The  expressions  for  calculating  the  velocity,  enthalpy, 
pressure  and  Mach  number  of  the  simulating  flow  (2.7) 
are  universal  in  form:  they  contain  only  two 
dimensionless  parameters  £,  and  C,.  For  the  hypersonic 
flight  in  an  atmosphere  /  2Hx  =  1 ,  then  £=£. 


Thus,  for  high-enthalpy  flows  in  which  the  stagnation 
point  heat  fluxes  at  the  body  and  the  model  are  equal,  the 
ratios  /  Vk  and  are  completely  determined  by 

the  elementary  universal  relations  (2.7).  The  relations 
(2.8)  and  (2.9)  for  high-enthalpy  flows  are  the  universal 

implicit  relations  of  the  functions  P^Q  =  PS(Q/  Pw 

and  MS(C)  ,  since  depends  on  the  values  of  ps  and 

hs..  In  Fig.  2  we  have  plotted  the  functions  P^(Q)  and 
Ms  (Q  calculated  for  equilibrium  air  at  Hx=  32  (a),  16 

( b )  and  8  (c)  MJ/kg.  The  curves  1-3  correspond  to  pw 
— 1 0 3,  1  and  102atm.  The  broken  curves  correspond  to  a 
perfect  gas  with  constant  y=\A. 


0  0,25  0  0,25  0  0,25  £ 


where  R*  and  R*  are  the  effective  radii  of  the  model 
m  N 

and  the  body  at  the  stagnation  points.  Assuming  the 
parameters  Vx,  Hx,  pw,  7?*  ,  and  R*N  to  be  known  from 


Fig.  2.  Universal  dependencies  of  the  dimensionless  static 
pressure  and  Mach  number  of  simulating  subsonic  air  flow 
versus  similarity  parameter  ^ [ref.  1  ]. 

As  may  be  seen  from  Fig.  2,  the  real  properties  of  highly 
dissociated  air  essentially  affect  the  functions 
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P^(Q  and  MS(Q  ,  which  are  quite  important  for  the 
analysis  of  the  test  conditions. 


f . 
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N 


8  P, 
3  P, 


1/2 


-R 


e  ' 


3.  Recalculation  of  Test  Parameters  to  Flight 
Conditions 

For  the  experimental  practice  of  the  heat  transfer 
simulation  the  case  i^«\  is  very  important:  practically, 
this  case  occurs  when  Rm«RN.  Let’s  consider  this  case  in 
detail  taking  into  consideration  that  for  a  hypersonic 
axially  symmetric  flow  around  a  smooth  blunted  body  we 
have  the  following  well-known  formulae  (ref.  20): 

1  0  T 

H  =—V  ,  p„.  =  p  F  ,  (3.1) 

oc  2  00  '  CO  00  ^  ’ 


1 


(dU  > 

e 

/  \ 

8fV 

2 

Voo 

l  &  J 

0 

,3  PeJ 

Rn 

Then  for  the  ground  subsonic  free  stream  conditions  we 
have: 


h„  ~  —  V2,  p=  p  V2, 

o  n  co  ^  S  *  co  oo 


rs  = 


SPc 
3  Pe/ 


1/2 


R 

.....  m  y 

Rn  x 


(3.3) 

(3.4) 


In  the  case  of  subsonic  jet  the  subscript  S  denotes  the 
center  of  the  flow. 


As  an  example,  let’s  analyze  the  well  characterized 
subsonic  regime  performed  in  the  IPG-2  plasmatron  for 
the  air  flow  at  the  pressure  0.1  atm  ,  the  generator  anode 
power  37.4  kW  and  the  mass  flow  rate  through  the 
discharge  channel  2.8g/s  [ref.  2],  At  the  distance  of 
30  mm  from  the  plasmatron  exit  section,  the  enthalpy 
//<,=2.19T07  m2/s2  ,  the  velocity  F,=180  m/s,  the  density 
A=3-86  10'3  kg/mJ,  Reynolds  number  Res=psVsRJ ps= 
s58.6,  Mach  number  Afc=0.14.  The  radius  of  the  IPG-2 
plasmatron  channel  Rc=3-10'2  m  and  for  the  cylindrical 
model  of  the  radius  Rm =1.5-1  O'2  m  we  have 
i?^=1.2i?m=1.810'2m,  in  accordance  with  (3.5). 


For  these  subsonic  air  flow  parameters  we  have 
determined  the  parameters  of  the  hypersonic  air  flow  and 
the  nose  radius  of  a  blunt  body  from  expressions  (3.6): 
Foo=6620  m/s,  p„=2.28-10‘4  kg/m3,  Rp=  0.265  m.  The 
density  value  corresponds  to  the  altitude  62.4  km  in  the 
Earth  atmosphere.  Correspondingly,  the  flight  Reynolds 
number  Rex=  1750  and  the  Mach  number  Mx= 20.  We 
see,  that  Reynolds  and  Mach  numbers  are  quite  different 
for  those  ground  test  and  hypothetical  flight  regime.  That 
means  that  Reynolds  and  Mach  numbers  are  not  the 
similarity  parameters  for  the  stagnation  point  heat 
transfer. 


The  conditions  (3.3)  are  rather  simple,  but  the  condition 
(3 .4)  is  not  trivial  and  contains  the  geometrical  parameter 

-  effective  radius  R*  ,  which  depends  on  the  channel 

radius  Rc,  the  model  radius  Rm  and  should  be  computed 
for  the  test  configuration  by  using  CFD  methods.  For 
subsonic  jets  over  cylindrical  models  with  a  flat  face  we 

obtained  the  following  approximation  for  R*  from 

numerical  solutions  of  the  Navier-Stokes  equations 
[ref.  1] 


r: 


2- 1- 1,68(1- 1)2  -1,28(1-  l)3 

Rc>  1>1  d  =  Rm/Rr) 


1<1 


(3.5) 


In  accordance  with  (3.3),  (3.4)  there  is  one-to-one 
correspondence  between  subsonic  jet  parameters 
hS'Pj*  PW)’VS  and  the  given  climensions  Rc  and  Rm, 
on  the  one  hand,  and  the  parameters  of  the  hypersonic 
flow  and  the  nose  radius  of  a  blunt  body,  on  the  other 


V 

00 


(3.6) 


4.  Method  of  the  LHTS  Concept  Validation 

The  proposed  method  of  the  LHTS  concept  validation 
consists  in  the  direct  comparison  of  the  calculated  heat 
transfer  rates  and  the  profiles  of  the  temperature  and 
species  fractions  within  the  boundary  layers  near  the 
stagnation  points  of  the  model  and  the  body  for  subsonic 
and  hypersonic  flows  conditions  linked  by  the  correlation 
(3.6).  Such  a  comparison  is  carried  out  below. 

A  method  for  the  calculation  of  the  heat  transfer  rates  at 
the  stagnation  point  of  a  model  with  a  flat  face  exposed 
to  a  subsonic  jet  of  a  viscous  multicomponent  reacting 
gas  was  developed  in  refs.  2,  7,  21,  22,  13.  Here  we  also 
use  the  concept  of  a  boundary  layer  with  finite  thickness 
in  the  vicinity  of  the  stagnation  point.  The  thickness  5  of 
the  boundary  layer  and  the  hydrodynamic  parameters  at 
its  outer  edge,  including  the  flow  vorticity,  which  are 
given  below  in  the  formulation  of  the  problem,  are 
determined  from  the  numerical  solution  of  the  full 
Navier-Stokes  equations,  which  is  considered  as  an  outer 
solution. 

In  the  case  of  a  one-temperature  multicomponent  mixture 
of  atoms  and  molecules  in  the  equilibrium  excitation  of 
the  vibrational  degrees  of  freedom,  the  system  of  the 
ordinary  differential  equations  describing  the  flow  within 
the  boundary  layer  near  the  stagnation  point  of  the  model 
has  the  following  form  (ref.  21): 
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\dr\ 


i=  1 


i«  =  7V^T'  **1t- 


o  p 


P^L 


A  =  6/R,  u  =  u./u.  ,  u.=du/dx,  v  =  -V°/V, 
m  1  le  1  s 


ae  =  -u/aMl/ay;e/4,  t/  =  t/°/F,  *  =  *0/*,, 


For  our  case  A=S/Rm=0A,  ue= 0.52,  wIc=0.445,  ae-2.626. 
It  was  assumed  in  calculation  that  /V=0.71,  Sc=0.65  and 

We  assume  that  the  following  gas-phase  reactions  in  a  5- 
species  air  occur  within  the  boundary  layer:  1)  02+M<^- 
0+0+ M,  2)  N2+M++N+N+M,  3)  NO+M++N+O+M,  4) 
0+N2++N+N0,  5)  0+NO<+>N+02.  The  chemical 

equilibrium  is  supposed  to  be  at  the  outer  edge  of  the 
boundary  layer:  y,f=0.1  atm,  He= 2.19107  m2/s2, 

Te= 5960  K,  CW2=0.4576,  CO2=0.3513-10'3,  CN2= 

0.2922- 10'2,  Cn=  0.3091,  Co=0.2304. 

The  thin  viscous  shock  layer  model  was  used 
independently  for  the  computation  of  the  hypersonic  air 
flow  (F„=6620  m/s,  pM=2,28-10‘4  kg/m3)  past  a  sphere  of 
the  radius  Rw= 0,265  m.  At  the  formulation  of  this 
problem  the  same  boundary  conditions  at  the  wall  and 
the  same  chemical  reactions  rates,  as  for  the  subsonic 
flow,  were  used.  For  the  numerical  solutions  of  the 
problem  (4.1),  (4.2)  and  the  viscous  shock  layer  problem 
the  fourth-order-accurate  finite-difference  scheme  was 
used.  All  computations  were  made  for  the  surface 
temperature  7V=1500  K. 


y  =  y*/R.  p  =  p°/pe-  t=t°/t,  h  =  hf/He 


The  boundary  conditions  at  the  outer  edge  of  the 
boundary  layer  and  on  the  surface  of  the  model  are: 


r)  =  1:  u=H=  1,  c.  =  c.(i=  1 . N-Ne)  (4.2) 

"H  =  0:  u  =  f  =  0,  T=Tw,  y  =  0, 
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In  (4.1),  (4.2)  If,  V°  are  the  velocity  components  in  the 
cylindrical  coordinate  system  x°,  y°  which  is  related  with 
a  flat  face,  p  is  the  density,  c,  is  the  mass  fraction,  h,  is 
the  enthalpy,  h*  is  the  energy  of  formation  of  the  species 
z;  Cj,  J*  are  the  mass  fraction  and  the  diffusive  flux  of 
the  chemical  element  j;  H  is  the  enthalpy  of  the  gas 
mixture,  T  is  the  temperature,  m  is  the  molecular  weight, 
KWi  and  y,  are  the  effective  heterogeneous  recombination 
rate  constant  and  the  catalytic  efficiency;  k  is  the 
Boltzmann  constant,  m-,  is  the  molecular  weight  of  the 
species  z,  N  is  the  number  of  species,  Ne  is  the  number  of 
chemical  elements,  and  77  is  the  Dorodnitsyn’s  variable. 
The  circle  superscript  denotes  dimensional  quantities. 

In  the  momentum  equation  the  parameter  ae=const  takes 
into  account  the  vorticity  of  the  flow  at  the  outer  edge  of 
a  boundary  layer  of  the  thickness  8.  Parameters  ae,  Ue 
and  U\e  are  determined  from  the  profiles  of  the  velocity 
components  obtained  from  the  numerical  solution  of  the 
Navier-Stokes  problem  for  a  viscous  reacting  gas  jet  flow 
past  a  cylinder  with  the  flat  face  at  M«  1  [refs.  2,  7,  19]. 


5.  Results  of  Validation  for  Subsonic  Air  Test 

Fig.  3  shows  the  calculated  dependencies  of  the 
stagnation  point  heat  fluxes  qw  to  the  model  (M«l)  and 
the  body  (M»  1)  as  the  functions  of  the  heterogeneous 
recombination  rate  constant  Kw  for  the  case  Kwo=Kwn 
=KW  at  test  and  flight  conditions  specified  above. 


Kw 

Fig.  3.  Stagnation  point  heat  transfer  rates  qw,(W/cm2)  versus 
effective  rate  constant  of  surface  atom  recombination 
Kw,(m/s)  for  plasmatron  test  (M«l)  and  extrapolated  to  flight 
(M»l). 
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For  a  highly  catalytic  surface  the  difference  in  the  heat 
fluxes  qw  under  corresponding  conditions  for  the 
subsonic  and  the  supersonic  flows  is  only  about  5%.  As 
Kw  decreases,  this  difference  increases  and  for  a 
noncatalytic  surface  in  the  subsonic  jet  the  heat  flux  is 
30%  less  then  the  heat  flux  in  the  corresponding 
hypersonic  flow. 

So,  we  see,  that  the  accuracy  of  the  heat  transfer 
simulation  on  the  basis  of  the  LHTS  theory  developed  in 
refs.  1,  2  depends  on  the  surface  catalytic  efficiency.  The 
accuracy  is  rather  good  for  surfaces  with  high  and 
moderate  catalycity  but  it  looks  insufficient  for  a 
noncatalytic  one.  Nevertheless,  both  curves  in  Fig.  3  are 
functionally  similar  and  they  have  the  same  practically 
important  interval  10‘'<AV<  102  m/s,  where  the  heat 
transfer  rates  drastically  depend  on  wall  catalycity. 

Moreover,  it  is  easy  to  find  by  using  Fig.  3  that  at  least 
one  function  exists,  which  is  duplicated  with  a  quite 
perfect  accuracy  -  the  normalized  heat  flux 


1w  = 


V Wn 
qWk  _  qWn 


(5.1) 


where  qm  is  the  heat  flux  to  a  fully  catalytic  wall  and 


qWn  is  the  heat  flux  to  a  noncatalytic  wall. 


(see  Fig.  5):  the  mass  fraction  cN  is  significantly  less  then 
the  equilibrium  value  in  the  subsonic  flow.  On  the  other 
hand,  close  to  fully  catalytic  surfaces  (Fig.  5),  the 
profiles  of  the  N  atoms  fractions  for  the  considered 
subsonic  and  hypersonic  air  flows  are  quite  similar 


From  here  we  can  conclude  that  the  data  on  the  effective 
catalytic  rates  for  atomic  oxygen  and  nitrogen 
recombination  on  the  Buran  TPM  \<KW<3  m/s,  obtained 
in  subsonic  jets  [refs.  2,  7,  20],  are  quite  applicable  to 
hypersonic  re-entry  conditions  in  the  Earth  atmosphere 
with  flight  parameters  of  the  same  orders  of  magnitude 
that  calculated  above. 

For  the  more  clear  understanding  of  the  LHTS 
capabilities  we  will  compare  the  profiles  of  the  air 
temperature,  N  and  O  atoms  fractions  across  the 
boundary  layer  near  the  model  and  across  the  shock  layer 
near  the  body  at  the  same  conditions  for  two  limiting 
cases:  fully  and  noncatalytic  walls. 

Fig.  4  shows  the  temperature  profiles  within  the 
boundary  layer  near  the  model  and  within  the  shock  layer 
near  the  blunt  body  for  a  fully  catalytic  wall  case.  We  see 
that  temperature  profiles  are  rather  different  at  the  outer 
edges  of  two  boundary  layers.  For  the  hypersonic  flow 
the  temperature  Te  considerably  (~  by  2000  K)  exceeds 
the  equilibrium  value  because  the  shock  layer  is  fully 
nonequilibrium  in  this  case,  but  at  the  same  time  the  two 
temperature  profiles  are  quite  close  to  each  other  near  the 
walls.  This  leads  to  good  agreement  between  thermal 
conductive  parts  of  the  heat  fluxes  to  fully  catalytic 
surfaces  of  the  body  and  the  model. 


Fig.  4.  Temperature  profiles  along  stagnation  line  (fully 
catalytic  wall):  1  -  the  boundary  layer  near  the  model  in 
subsonic  flow  (Rm=1.5  10'2  m);  2  -  the  hypersonic  shock  layer 
near  the  body  (Ry^O. 265  m). 


N 


Within  the  hypersonic  shock  layer  we  can  see  some 
displacement  of  the  N  atoms  mass  fraction  from  the 
equilibrium  value  at  the  outer  edge  of  the  boundary  layer 


Fig.  5.  Profiles  of  the  mass  fractions  of  N  and  O  atoms  along 
stagnation  line  (fully  catalytic  wall):  1  -  the  boundary  layer 
near  the  model  in  subsonic  flow,  2  -  the  hypersonic  shock  layer 
near  the  body. 
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including  the  fine  details  of  different  behavior  of  the 
profiles  of  N  and  O  atoms  due  to  the  exchange  reactions 
in  dissociated  air  and  mentioned  above  in  the  chapter  4. 
In  fact,  the  contributions  in  the  heat  fluxes  due  to 
nitrogen  atoms  diffusion  are  insignificant  in  this  case. 
Also  we  can  see  on  Fig.  5  that  the  excellent  simulation 
accuracy  is  achieved  for  the  atomic  oxygen  fraction 
profile  within  the  whole  boundary  layer  because  oxygen 
is  completely  dissociated  at  the  outer  edges  of  both 
boundary  layers.  As  a  result  the  contributions  in  the  heat 
fluxes  due  to  the  atomic  oxygen  diffusion  for  both  flows 
are  equal  within  5%.  The  same  is  correct  for  the  total 
heat  fluxes  to  a  fully  catalytic  wall. 

For  the  noncatalytic  wall  case  the  situation  is  more 
dramatic  as  we  can  see  in  Fig.  6  and  7.  The  temperature 
profiles  across  boundary  layers  are  different  exterior  to 
the  nearest  vicinities  of  stagnation  points  and  the  heat 
flux  caused  by  the  to  thermal  conductivity  is  30  %  higher 
in  the  supersonic  flow,  then  in  subsonic  one. 


Fig.  6.  Temperature  profiles  along  stagnation  line  (non¬ 
catalytic  wall):  1  -  the  boundary  layer  near  the  model  in 
subsonic  flow,  2  -  the  hypersonic  shock  layer  near  the  body. 

Both  boundaiy  layers  are  almost  frozen  and  diffusion 
does  not  influence  heat  transfer.  The  atomic  nitrogen 
fraction  near  the  surface  of  the  model  is  higher  in  the 
plasmatron  test,  but  the  atomic  oxygen  fraction  profiles 
within  boundary  layers  are  quite  close  in  test  and 
hypothetical  flight  (Fig.  7).  That  means  the  formulae 
(3.6)  for  ground-to-flight  extrapolation  should  provide  a 
complete  simulation  of  the  diffusion  flux  and  the  partial 
pressure  of  atomic  oxygen  and,  therefore,  surface 
catalysis  and  oxidation  processes.  These  are  the 
arguments  for  using  here  the  term  “thermochemical” 
simulation. 


Fig.  7.  Profiles  of  the  mass  fractions  of  N  and  O  atoms  along 
stagnation  line  (noncatalytic  wall):  1  -  the  boundary  layer 
near  the  model  in  subsonic  flow,  2  -  the  hypersonic  shock  layer 
near  the  body. 

It  was  established  in  ref.  23,  that  an  accuracy  of  the  heat 
transfer  duplication  for  low  catalytic  surface  was 
improving  when  the  pressure  in  subsonic  high  enthalpy 
flow  was  increasing.  When  pj> 0.2  atm  the  difference  in 
the  qw  for  subsonic  and  hypersonic  flow  was  not  more 
5%  for  surfaces  with  Kw>\  m/s  (the  quite  practical  case). 
The  example  of  the  excellent  duplication  of  the 
temperature  distribution  across  the  boundary  layer  for 
hypersonic  flow  conditions  we  can  see  on  Fig.  8  for  high 
enthalpy  subsonic  test  in  dissociated  nitrogen  [ref.  23]. 


Fig.  8.  Temperature  distributions  along  stagnation  line  in 
hypersonic  shock  layer  (1:  M^20,  Vx=6490  m/s,  Z=62  km, 
Rw=0.95  m)  and  in  subsonic  jet  (2:  Ms=0.04,  Vs=50m/s, 
Ps-0.3  atm,  Hg=2l  MJ/kg,  Rm=1.5-10~2m). 
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We  can  conclude  that  the  displacement  of  air 
temperature  from  the  equilibrium  value  at  the  outer  edges 
of  boundary  layers  in  high-enthalpy  tests  or  in  flight  is  a 
factor  in  actual  accuracy  of  the  LHTS  concept.  One 
should  expect  that  the  agreement  between  the  heat  fluxes 
and  two  boundary  layer  structures  will  be  improved  when 
the  air  temperatures  outside  boundary  layers  are  closer  to 
equilibrium,  for  example,  -  for  higher  values  of  the 
pressure  as  has  already  been  predicted  for  the  high- 
enthalpy  nitrogen  experiment  in  ref.  23 . 

6.  The  Trajectory  Point  for  the  Complete  Local 
Duplication  of  Heat  Transfer 

One  in  the  main  features  of  the  subsonic  high  enthalpy 
jets  is  the  nonuniformity  of  the  enthalpy  and  velocity 
profiles  at  the  plasma  generator  channel  exit  and  the 
decreasing  of  these  characteristics  along  the  flow  axis.  In 
order  to  take  these  effects  into  account,  in  relations  (2.7) 
instead  of  f^and  hs  we  should,  substitute  the  velocity  and 
enthalpy  values  on  the  axis  of  the  free  stream 
corresponding  to  the  distance  L  from  the  plasmatron 
channel  exit  to  the  model. 

For  the  modeling  in  a  hyposonic  flow  (M«  1),  taking 
into  account  the  above  we  can  generalize  relations  (3.3), 
(3.4)  in  the  following  form 

hS=\^H<L>Vl‘  PS  =  ('-*KYl*=^W 
,  f  8  Y/2  R* 

r. -<«■{?)  (“) 

Here,  the  factors  q>H(L)and  <f>y(L)  take  into  account 

the  decreasing  of  the  enthalpy  and  velocity  along  the  axis 
of  the  free  subsonic  stream,  the  subscript  S  relates  to  the 
center  of  the  plasmatron  channel  exit. 

As  we  mentioned  above,  the  parameters  hs,  ps  and  Vs  are 
in  functional  coupling.  For  a  wide  range  of  the  subsonic 
tests  conditions  in  the  optimum  discharge  burning  regime 
these  parameters  could  be  presented  with  a  functional 
relationship 


Psys  =  X(hs,Q,ps)  (6.3) 

where  Q  is  the  mass  flow  rate  and  %(h „,Q,p „)  is  the 

specific  functional  characteristic  of  the  plasmatron.  This 
characteristic  should  be  determined  for  each  facility 
which  is  used  for  the  heat  transfer  duplication. 

If  function  %  is  known,  we  can  eliminate  ps  and  Vs  in 
(6.3)  using  (6.1)  and  (6.2)  and  obtain  the  following 
relationship  between  the  hypersonic  flow  parameters  px 
and  Vx 


px  =  (^rl/2a-K)~l9y(L)—v:3  x 


R 


(6.4) 


xx(- 


2  <?h(L) 


■e.a-*jpjp 


For  the  following  step  of  the  procedure,  it  is  necessary 
to  present  the  trajectory  of  the  body  in  the  atmosphere  in 
the  parametric  form  Vx=F(pJ.  The  intersection  of  this 
curve  with  the  curve  (6.4)  in  the  plane  px-Vx,  if  it  exists, 
gives  us  the  trajectory  point  for  which  the  complete  local 
heat  transfer  duplication  could  be  achieved. 

For  the  specified  parameters  Vm  px,  and  RN.  the 
complete  local  simulation  of  the  heat  transfer  is  possible 
for  the  appropriate  model  (or  channel)  dimension.  In  this 
case  the  test  conditions  can  be  predicted  in  accordance 
with  the  following  algorithm.  The  free  stream  parameters 
hs  ,  Ps,  and  Vs  are  calculated  from  (6.1)  and  (6.3),  and 

then  the  effective  radius  7?*  is  calculated  from  (6.2).  The 

necessary  value  of  R*m  is  insured  by  choosing  a  model  or 

channel  with  the  appropriate  geometry  (for  models  with 
flat  face  in  accordance  with  expression  (3.5)). 

7.  Analysis  of  the  Mars  probe  trajectory  and 
Requirements  for  Plasmatron  Tests 

Let’s  apply  the  LHTS  concept  in  order  to  estimate  the 
IPG-4  plasmatron  capabilities  for  complete  local 
duplication  of  the  stagnation  point  heat  transfer  for  the 
Mars  probe  trajectory  parameters  in  a  subsonic  test  with 
carbon  dioxide.  The  IPG-4  operating  envelope  for  the 
subsonic  regime  with  carbon  dioxide  as  a  working  gas 
(Fig.  9)  contains  the  peak-heating  parts  of  the  Mars 
probe  trajectory  [ref.  17]. 


Fig.  9.  The  IPG-4  operating  envelope  in  the  stagnation 
pressure-enthalpy  coordinates  for  subsonic  regime  with 
carbon  dioxide,  and  the  Mars  Pathfinder  and  the  Mars  Probe 
trajectories;  the  stars  indicate  the  peak-heating  points  [ref.  2 4], 
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The  velocity  Vm  the  altitude  H  and  the  calculated 
convective  heat  flux  to  fully  catalytic  radiative- 
equilibrium  wall  qw  at  the  stagnation  point  for  the  probe 
with  Rfj=0.8  m  are  presented  in  Fig.  10  as  functions  of 
the  entry  time  [ref.  17]. 


Fig.  10.  Mars  probe  trajectory  and  convective  heat  flux  at 
stagnation  point  to  fully  catalytic  radiative-equilibrium  wall 
(Rn=0.8  m,  eIh=0.85)  [ref.  24]:  1  -  H-100,  2 -Vm,  3  -  qw. 

In  accordance  with  these  data  and  the  density  distribution 
in  the  Martian  atmosphere  from  ref.  17  we  have 
calculated,  by  using  (3.3),  the  dependencies  ps(t)  and 
h/t)  that  are  presented  in  Fig.  77  by  the  curves  7  and  2. 
Also,  in  Fig.  11  the  part  of  the  IPG-4  operating  envelope 
in  coordinates  ps  -hs  for  the  carbon  dioxide  gas  is  shown. 


We  see,  that  the  IPG-4  envelope  contains  the  both  curves 
ps(t)  and  hs(t)  within  the  entry  time  interval  25</<44  s. 
This  interval  includes  the  heat-intensive  part  of  the  probe 
trajectory  during  the  period  30<i<44  s  {Fig.  10).  The 
maximum  value  of  a  heat  flux  should  be  achieved  at  the 
point  i*=38.5  s  where  Z=43.0  km  and  Vj=5995  m/s.  One 
could  expect  that  for  an  accurate  simulation  the  heat 
transfer  at  that  most  important  trajectory  point  it  is 
necessary  to  have  the  subsonic  flow  in  the  IPG-4  with  the 
enthalpy  h*=  14.02  MJ/kg  and  the  static  pressure 
/?/=6.7T0'2atm. 

Taking  into  account,  that  in  the  IPG-4  subsonic  regimes 
the  pressure  ps  and  the  enthalpy  hs  could  be  controlled 
independently  by  using  the  vacuum  pump  system  and  by 
the  variation  of  energy  input  in  plasma  [refs.  12-14], 
from  Fig.  11  we  can  conclude  that  it  is  possible  to 
duplicate  simultaneously  both  functions  ps(t)  and  hs(t)  in 
the  real  time  scale  during  19  seconds. 

But  in  fact  this  way  of  the  duplication  of  only  two  heat 
transfer  parameters  would  not  be  the  complete  simulation 
of  heat  transfer  because  the  satisfaction  of  conditions 

(3.3)  does  not  guarantee  the  satisfaction  of  the  condition 

(3.4) .  Let  us  emphasize  that  two  parameters  of  the  heat 
transfer  simulation  presented  on  Fig.  11  by  the  curves  7 
and  2  depend  neither  on  a  body  shape  nor  on  a  model 
geometry.  On  the  contrary,  the  equality  of  the  two 
velocity  gradients  Vs/Rm*=VJRN*  depends  on  subsonic 
and  hypersonic  flows  geometry,  shapes  and  dimensions 
of  a  body  and  a  model. 


Fig.  11.  Heat  transfer  parameters  for  the  Mars  probe  within 
the  IPG-4  operating  envelope  as  the  functions  of  the  entry  time 
t(sec)  [ref.  24],  Curves:  1  -  enthalpy  (MJ/kg),  2  -  normalized 
stagnation  pressure  (pO=l  atm),  3,  4  -  velocity  gradients 
(103  s'1)  in  hypersonic  flow  for  RN=0.8  and  1.25  m,  5  -  velocity 
gradient  (1 03  s'1)  in  subsonic  jet  for  the  euromodel;  points:  a  - 
the  peak  heating  point,  b  and  c  -the  points  of  the  complete 
thermochemical  simulation. 


In  accordance  with  Fig.  10,  along  the  Mars  probe 
trajectory  within  the  interval  25</<44  s  the  velocity 
gradient  at  the  shield  stagnation  point  $ej=Vaft)/RN* 
decreases  monotonously  in  the  range  4.4-103-3.2-103  s’1 
for  Rrf=0.8  m  and  in  the  range  2.8-103-2.1-103  s"1  for 
77^=1.25  m  (see  the  curves  3  and  4  on  Fig.  77). 

Let’s  consider  now  the  variation  of  the  velocity  gradient 
P ep-Vs(t)/Rm*  at  the  stagnation  point  of  the  euromodel 
(the  cylindrical  model  of  50  mm  in  diameter  with  a  flat 
face  and  the  rounded  edge  of  11  mm  in  radius  with 
7?m*=3 .2- 1 0'2m)  if  the  parameters  ps  and  hs  change  in  the 
way,  as  Fig.  11  requires. 

It  is  very  important  to  understand  that  in  the  plasmatron 
flow  velocity  Vs  is  not  an  independent  parameter  -  it  is 
definitely  linked  with  the  gas  flow  rate  through  the 
discharge  channel  Q,  the  enthalpy  hs  and  the  pressure  ps. 
For  further  estimations  we  need  to  have  some 
approximation  for  the  dependence  Vs=Vs(Q,hs,pJ.  As  a 
next  step  on  the  basis  of  the  previous  experimental  and 
numerical  data  we  assume  the  following  approximation 
at  pressures  p,<0. 1  atm 


s 
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The  experimental  dependency  V°  (hs)  at  the  pressure 
0.1  atm  is  taken  from  refs.  11,  12. 

For  the  cylindrical  model  of  50  mm  in  diameter  with  the 
rounded  edge  of  1 1  mm  in  radius  (the  euromodel)  and 
the  subsonic  flow  configuration  in  the  IPG-4  (7?c=40  mm) 
on  the  basis  of  the  previous  numerical  solution  of  the 
Navier-Stokes  equations  [ref.  12]  we  have  the  following 
approximations  for  the  velocity  gradient  and  effective 
radius 

V 

=  0.78—,  (7.2) 

o  R,n 

Rm  =  \2%Rm  =  3.2  •  10“2  m 

In  Fig.  11  the  curve  5  shows  the  velocity  gradient 
P eP(t)=Vs(t)/Rm*  that  has  been  calculated  from  formula 
(7.2)  taking  into  account  (7.1)  and  dependencies  ps(t) and 
hs(t).  We  can  see,  that  this  velocity  gradient  p ep(t) 
decreases  monotonously  within  the  time  interval 
35</<44 s  from  4.7-1 03  to  1.15-103  s"1.  The  curve  5 
crosses  the  curves  3  and  4  at  the  points  1=36.5  and 
39.5  s. 

That  means  that  for  the  given  value  of  the  probe  nose 
radius  it  is  possible  to  duplicate  in  the  IPG-4  plasmatron 
all  three  conditions  (3.3),  (3.4)  for  the  one  trajectory 
point  only.  For  the  nose  radius  74= 0.8  m  the  point  of  the 
complete  heat  transfer  simulation  is:  t,=36.5  s, 
77=45.4  km,  4=5524  m/s  28.9);  the  corresponding 
subsonic  jet  parameters  are  the  following:  /v=5.8-10‘2atrn 
and  7z/=15.3  MJ/kg.  For  the  nose  radius  74=1.25  m  the 
desired  point  is:  12=39.5  s,  77=41.8  km,  4=5163  m/s 
(44=26.7);  the  corresponding  subsonic  jet  parameters 
are  the  following:  p/=7.8-10'2  atm  and  4°=  13.3  MJ/kg. 
We  see  that  both  points  t,  and  t2  are  close  to  the  point  t 
where  the  heat  flux  has  a  maximum  value  and  t,<t*<t2. 
At  these  two  trajectory  points  the  stagnation  point  heat 
fluxes  to  the  probe  would  be  less  than  the  maximum 
values  of  the  heat  fluxes  but  these  differences  would  be 
within  1%  (see  Fig.  10).  So,  in  fact,  a  remarkable 
opportunity  for  complete  simulation  of  the  heat  transfer 
to  the  Mars  probe  quite  close  to  the  most  important  point 
of  the  entry  into  Martian  atmosphere  by  using  the  IPG-4 
plasmatron  and  the  euromodel  arises. 

We  should  emphasize  once  more  that  partial  duplication 
of  only  two  parameters  ps  and  hs  along  a  trajectory  in  the 
real  time  scale  would  be  not  acceptable.  In  this  way  in 
test  we  shall  have  excessive  heat  fluxes  if  t<t°  and 
underestimated  heat  fluxes  if  t>t°,  where  f=t,  if  7?;V=0.8 
m  and  i°=t2  if  7?//=  1.25  m.  Therefore,  the  most  correct 
test  technique  for  the  study  of  the  thennochemical 
resistance  of  the  TPM  for  the  vehicle  during  his  entry 
into  Martian  atmosphere  would  be  tests  at  constant 
values  p°  and  h°  during  15  s. 


8.  Prediction  of  Subsonic  Carbon  Dioxide  Test  for 
Mars  Pathfinder 

Let  us  consider  another  application  of  the  LHTS  concept 
to  a  prediction  of  the  high-enthalpy  test  conditions  in  the 
IPG-4  plasmatron  for  precise  simulation  of  the  stagnation 
point  heating  for  the  Mars  Pathfinder  aeroshell  which  is  a 
70-deg  sphere  cone  with  a  nose  radius  of  0.6625m  [ref. 
3].  In  accordance  with  ref.  3  the  maximum  of  the  heat 
flux  is  achieved  at  the  altitude  40.7  km  and  the  following 
free  stream  conditions  in  the  Martian  atmosphere 
{Cco2= 0-97,  and  CN2= 0.03):  4=6590  m/s  and 
/>oc=3.23-10'4  kg/m3.  The  IPG-4  operating  envelope  for 
the  subsonic  regime  with  carbon  dioxide  as  a  working 
gas  contains  the  peak-heating  parts  of  the  Mars 
Pathfinder  [ref.  3]  trajectory  (Fig.  9). 

The  desired  test  conditions  are  determined  for  a  subsonic 
dissociated  carbon  dioxide  flow  around  the  cylindrical 
model  of  50  mm  in  diameter  with  a  flat  face  and  the 
rounded  edge  of  1 1  mm  in  radius  which  is  supposed  to 
be  exposed  for  testing  in  the  100-kW  IPG-4  plasmatron 
with  the  quartz  discharge  channel  of  80  mm  in  diameter 
[refs.  1 1-14], 

Now  we  can  recalculate  the  entry  parameters  specified 
above  to  plasmatron  test  conditions  by  using  formulae 
(3.3),  (3.4)  and  (7.2).  This  simple  technique  (when  the 

effective  radius  R*m  is  known)  gives  the  following  test 

conditions:  the  enthalpy  77e=21.73  MJ/kg,  the  static 
pressure  ps= 0.14  atm,  the  flow  velocity  F=184  m/s.  For 
the  considered  test  configuration  the  calculated 
dimensionless  parameters  in  equations  (4.1)  are:  A=0.4, 
wie=0.39,  ae=2.\0. 

For  these  flow  parameters  and  test  geometry  described 
above  the  stagnation  point  heat  transfer  rates  have  been 
calculated  as  a  function  of  the  surface  temperature  Tw 
and  the  effective  catalytic  efficiency  yw  from  the 
numerical  solution  of  the  ID  boundary  layer  problem 
(4.1),  (4.2)  for  a  5-species  dissociated  carbon  dioxide 
mixture  ( C02  ,  02,  CO,  O,  and  C). 

The  next  assumptions  have  been  made:  1)  the  following 
reactions  are  running  in  the  mixture:  C02+M<-KJ0+ 
+O+M,  02+M<h>0+0+M,  CO+M-hC+O+M,  C0+0-&+ 
<^C+02„  C02+0-(->C0+02\,  2)  the  surface  catalytic 
recombination  of  the  CO  molecules  in  the  reaction 
C0+0—>C02  and  O  atoms  in  the  reaction  0+0— >02  are 
the  reactions  of  the  first  order  with  equal  efficiencies  yw, 
and  the  C  atoms  are  not  involved  in  surface  reactions. 
The  same  fourth-order-accurate  finite-difference  scheme 
was  exploited  for  the  numerical  solution  of  the  boundary 
layer  problem  (4.1),  (4.2). 

The  computed  stagnation  point  heat  flux  envelope  for  the 
predicted  subsonic  test  is  shown  in  Fig.  12.  The  upper 
border  of  this  envelope  (the  curve  7)  corresponds  to  the 
fully  catalytic  surface  (jw=  1),  the  lower  border 
(the  curve  7)  -  to  the  noncatalytic  surface  (y^ 0).  The 
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solid  curves  2-6  correspond  to  the  constant  values  of  yw, 
=10 31  O'2,  10'2,  310'3,  10 3,  the  line  8  corresponds  to  the 
theoretical  minimum  of  the  heat  flux  from  the  frozen 
boundary  layer  to  the  noncatalytic  wall. 

The  heat  flux  envelope  is  limited  from  the  right  side  by 
the  curve  qiV=EthaTlv4,  where  e,h  is  the  total  hemispherical 
emissivity,  cr  is  the  Stefan-Boltzmann  constant.  The 
curves  9  and  10  correspond  to  radiative-equilibrium 
walls  with  elh=l  and  0.78. 


Tw 


Fig.  12.  Heat  flux  envelope  for  the  IPG-4  plasmatron  subsonic 
regime  for  the  duplication  of  the  stagnation  point  heat  transfer 
to  the  Mars  Pathfinder  aeroshell  (R^O.6625  m)  at  the  peak¬ 
heating  point  (h=40.7  km.  Vx=6.59  km/s)  by  using  an 
euromodel  (Rm=2.5  -10'2m). 

Now  it  is  very  easy  to  determine  the  heat  flux  and  the 
radiative-equilibrium  surface  temperature  for  the  given 
values  of  zlh  and  yw\  qw  and  Tw  are  just  the  coordinates 
of  the  intersection  point  for  two  curves  -  qw=qu{Tw, 
y^const)  and  q,v=elhaTw.  Thus,  in  the  predicted  test  at 
e„,=0.78  for  the  fully  catalytic  wall  we  have 
<7^=142  W/cm2  and  7y=2380  K,  for  the  noncatalytic  wall 
-  <^.=47  W/cm2  and  7V=  1800  K. 

For  the  heat  transfer  rates  at  the  stagnation  point  of  the 
Mars  Pathfinder  aeroshell  and  the  radiative-equilibrium 
wall  we  have  the  maximum  values  <7^127  W/cm2  and 
7V=2315  K  at  the  wall  condition  of  fully  recombined 
CO 2  and  q w=M  W/cm2  and  7V=1755  K  in  the  non¬ 
catalytic  wall  case  [ref.  3]. 

So,  we  observe  quite  sufficient  agreement  between  the 
numerically  predicted  whole  heat  flux  ranges  for  the 
Mars  Pathfinder  aeroshell  at  the  trajectory  peak-heating 
point  and  for  test  with  an  euromodel  in  the  subsonic 
high-enthalpy  carbon  dioxide  jet,  which  could  be 


performed  in  the  IPG-4  plasmatron  with  free  stream 
parameters  determined  on  the  basis  of  the  LHTS  concept. 

It  is  important  that  the  enthalpy  and  pressure  values 
determined  above  belong  to  the  operating  envelope  of 
the  IPG-4  plasmatron  in  a  subsonic  mode  (Fig.  9)  and 
the  maximum  of  the  thermochemical  load  on  the 
stagnation  point  of  the  Pathfinder  aeroshell  could  be 
duplicated  precisely  enough. 

Recently  it  was  shown  in  ref.  24  that  quite  precise 
duplication  of  the  stagnation  point  heat  flux  to  the  Mars 
Probe  [ref.  17]  also  could  be  achieved  by  using  the  IPG- 
4  plasmatron  in  subsonic  regime  with  carbon  dioxide  as 
working  gas. 

This  analysis  was  performed  without  taking  into  account 
the  surface  ablation,  but  in  general  the  LHTS  concept 
validated  here  can  be  applicable  to  a  heat  transfer 
problem  with  ablation  effects  if  the  influence  of  injection 
into  the  incoming  flow  is  not  very  strong. 

9.  The  Range  of  Applicability  of  the  LHTS  Concept 

The  derivation  of  conditions  (2.7)  -  (2.9)  of  the  local  heat 
transfer  simulation  was  based  on  the  boundary  layer 
theory  and  the  assumption  of  local  thermodynamic 
equilibrium  in  the  subsonic  flow  (outside  the  boundary 
layer),  which  is  fairly  accurately  satisfied  for  molecular 
gases  (air,  nitrogen,  oxygen,  carbon  dioxide)  in  inductive 
plasmatrons  at  pressures  p>0.1  atm. 

It  was  found  in  ref.  25  that  the  boundary  layer  theory  is 
applicable  for  calculating  stagnation  point  heat  transfer 
in  subsonic  high  enthalpy  flows  at  Reynolds  numbers 

Res  =  P s^sR*m/^S  -  30 ’  the  velocity  gradient  at  the 

stagnation  point  on  the  model  is  determined  with  making 
allowance  for  the  finite  thickness  of  the  boundary  layer. 
Practically,  for  the  models  used  in  the  heat  transfer  tests 
in  the  IPG  plasmatrons  30<Res  <3- 102. 

Thus,  the  general  conditions  of  the  LHTS  concept 
formulated  above  are  applicable  for  subsonic  high 
enthalpy  molecular  gas  flows  in  plasmatrons  when 
p> 0.1  atm  and  Res  >30.  For  the  surfaces  with  a  high 
catalycity  the  LHTS  concept  is  valid  in  the  full  range  of 
the  pressure,  for  the  surfaces  with  moderate  catalycity  the 
lower  border  of  the  pressure  range  should  be  estimated. 
For  the  accurate  computations  of  the  velocity  gradient  or 
effective  radius  for  subsonic  test  conditions  the 
numerical  solution  of  the  Navier-Stokes  equations  must 
be  used. 

The  accuracy  of  the  prediction  of  ground  test  parameters 
or  extrapolation  to  flight  could  be  improved  if  the 
velocity  gradient  for  flight  conditions  is  calculated  more 
accurately  directly  from  the  numerical  solution  of  the 
hypersonic  shock  layer  problem. 
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10.  Comments  to  Thermochemical  Simulation  in 
Supersonic  Tests 

Traditionally,  in  high  enthalpy  tests  practice,  especially 
in  tests  performed  by  using  arc-jet  facilities,  supersonic 
regimes  are  used  more  often,  then  subsonic  ones.  The 
LHTS  concept  gives  us  the  strict  inequalities  for  the 
similarity  parameters  £,  and  C,  (see  (2.10)),  when 
supersonic  high  enthalpy  flow  should  be  performed  for 
the  providing  of  the  correct  duplication  of  the  stagnation 
point  heat  transfer: 


•J2H0 


<*^1,  C.= 


*5 


■1 


Y*5  +  1 


<C<i  (10.1) 


These  inequalities  mean  that  some  supersonic  test  is 
necessary,  if  the  nose  radius  and  the  model  radius  are 
comparable,  although  Rm<RN  :  practically,  for  the 
simulation  of  the  hypersonic  heating  of  a  vehicle  with  a 
small  nose  radius. 


For  the  case  of  duplication  of  the  heat  transfer  to  a  nose 
cap  with  small  radius  the  simulation  conditions  for 
velocity  and  enthalpy  (2.7)  remain  valid,  but  the 
conditions  for  pressure  (2.8)  must  be  modified.  For 
supersonic  simulating  flow,  in  which  the  gas  between  the 
shock  wave  and  the  outer  edge  of  the  boundary  layer 
near  the  flow  axis  is  in  the  equilibrium  state,  this 
modification  consists  in  the  following.  In  the 
approximate  Poisson  adiabatic  equation  (2.5),  applied  to 
the  equilibrium  gas  moving  behind  the  shock,  the 
pressure  and  Mach  number  are  eliminated  by  means  of 
the  Rankine-Hugoniot  conditions  on  the  shock  wave,  and 
equations  (2.7).  As  a  result  we  obtain 


PS  (\-Q2)(\ 

PW  l  +  (2x.s(\-es)-\  X2’ 


(10.2) 


Where  y ,  is  the  effective  specific  heat  ratio,  subscripts  S 
and  Sh  relate  to  the  parameters  in  the  plasmatron  free 
stream  and  behind  the  shock. 

The  validation  of  the  conditions  (2.7)  and  (10.2)  as  the 
basis  of  the  LHTS  concept  for  supersonic  tests  is  not  in 
fact  yet,  because  the  corresponding  procedure  requires 
the  computations  of  the  high  enthalpy  reacting 
supersonic  flows  in  thermal  and  chemical  nonequilibrium 
in  the  framework  of  the  full  Navier-Stokes  equations. 


11.  Discussion 

The  accuracy  of  the  prediction  for  the  thermochemical 
action  of  the  reacting  gas  on  a  vehicle  surface  for  a 
hypersonic  flight  conditions,  based  on  the  LHTS 
concept,  depends  on  the  surface  catalycity  and  the 
displacement  of  gas  temperatures  from  the  equilibrium 


values  at  the  outer  edges  of  the  boundary  layers  on  a 
body  and  a  model.  For  surfaces  with  high  and  moderate 
catalycity  the  satisfaction  of  the  conditions  (3.3),  (3.4)  or 
(3.6)  ensures  the  accurate  duplication  of  the  convective 
heat  fluxes  and  the  diffusive  fluxes  of  atoms  in  subsonic 
high-enthalpy  jets,  when  Rm«RN. 

For  the  real  TPM  with  catalytic  efficiency  y(,/»3  ■  1 0'3  the 
above  mentioned  conditions  of  a  local  heat  transfer 
simulation  can  guarantee  in  test  not  only  full-scale  heat 
transfer  rates,  but  real  nonequilibrium  chemistry  within 
boundary  layer  as  well.  If  the  states  of  the  dissociated  gas 
flow  at  the  edge  of  the  boundary  layer  in  the  test  or 
hypersonic  flow  conditions  are  significantly  non¬ 
equilibrium,  ground  test  parameters,  predicted  by  using 
of  the  LHTS  concept  in  order  to  simulate  the  heat 
transfer  to  a  noncatalytic  surface,  may  be  applied  as 
support  values. 

The  LHTS  concept  makes  an  analysis  of  heat  transfer 
parameters  along  trajectory  rather  simple  and  gives  clear 
algorithm  of  the  determination  of  the  trajectory  point  for 
which  stagnation  point  heat  transfer  could  be  accurately 
duplicated  without  taking  into  account  the  actual 
information  about  TPM  catalycity. 

As  we  have  seen,  the  computed  heat  flux  range  for 
simulation  of  the  stagnation  point  heat  transfer  rate  to  the 
Mars  Pathfinder  aeroshell  at  the  trajectory  peak-heating 
conditions  in  the  subsonic  high-enthalpy  carbon  dioxide 
flow  is  found  in  sufficient  agreement  with  the  study 
carried  out  through  the  full  viscous  shock  layer 
computations  in  ref.  3 . 

Conclusion  &  Outlook 

It  is  common  knowledge  now  that  modem  ground 
facilities  are  unable  to  produce  all  flight  conditions 
above  Mach  8.  At  the  same  time  the  quantitative  heat 
transfer  could  be  duplicated  in  plasmatron  quite  precisely 
at  least  for  a  vehicle  stagnation  point.  The  LHTS  concept 
reveals  the  new  capabilities  in  the  planning  of  a  high- 
enthalpy  experiment  and  the  new  approach  to  the 
extrapolation  from  ground  to  flight.  For  the  complete 
stagnation  point  thermo-chemical  simulation  the  triad  of 
parameters  -  total  enthalpy-stagnation  pressure-velocity 
gradient  -  must  be  duplicated  in  a  high-enthalpy  test.  In 
this  kind  of  the  heat  transfer  simulation  the  pairs  of  the 
parameters  M-Re  and  pL-V  [ref.  26],  which  are  widely 
used  in  aerodynamics,  are  not  the  similarity  parameters 
in  the  stagnation  point  heat  transfer. 

The  conditions  of  the  hypersonic  flow  past  a  blunt  body 
and  the  desired  conditions  of  the  free  stream  in  ground 
test  could  be  easily  linked  on  the  basis  of  the  LHTS 
concept  if  one  knows  or  can  calculate  an  effective  model 
radius  by  using  CFD  for  the  test  configuration.  For  the 
typical  entry  trajectory,  if  the  geometry  of  a  model  is 
specified,  those  conditions  determine  only  one  trajectory 
point,  for  which  the  complete  local  simulation  could  be 
achieved.  If  the  trajectory  point  and  the  nose  radius  are 
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specified,  conditions  of  the  heat  transfer  duplication 
determine  the  test  conditions  and  the  effective  radius  of  a 
model. 

In  the  more  dramatic  noncatalytic  surface  case,  we  have 
to  solve  numerically  not  only  the  nonequilibrium  shock 
layer  problem  for  flight  conditions,  but  also  to  compute 
the  nonequilibrium  plasma  flow  within  a  plasmatron 
discharge  channel  and  a  subsonic  (or  supersonic) 
reacting  gas  flow  past  a  model  for  the  prediction  of  the 
well-documented  test  conditions.  So,  CFD  modeling  is 
an  indispensable  tool  for  the  construction  of  the  bridge 
from  ground  test  to  flight  and  for  the  verification  of  the 
quality  of  flight  parameters  duplication  in  plasmatron 
tests.  The  interaction  between  ground  testing  and  CFD 
modeling  is  a  genesis  for  real  gas  effects  duplication  and 
extrapolation  to  flight. 

Above  examples  of  the  LHTS  concept  applications 
clearly  shown  that  the  maximum  thermochemical  load  on 
a  vehicle  surface  at  the  stagnation  point  and  TPM 
behavior  can  be  directly  duplicated  for  the  wide  range  of 
the  reentry  and  entry  conditions  in  the  Earth  and  the 
Martian  atmospheres  by  using  the  inductive  plasmatrons 
in  the  subsonic  regimes. 
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Summary 

This  document  describes  the  fundamentals  of  heat 
transfer  measurement  techniques  in  high  enthalpy 
flows.  After  description  of  basic  relations  for  the 
stagnation  point  heat  flux  rate  to  a  spherical  surface 
in  a  high  enthalpy  flow  field,  different  heat  flux 
measurement  techniques  are  discussed.  Attention  is 
paid  to  design  aspects,  mathematical  model  for  the 
heat  flux  rate  evaluation  and  application  limits  of 
each  sensor  type,  in  order  to  provide  a  useful  and 
practical  script  for  the  reader  with  respect  to  the 
choice  of  an  adequate  sensor  type  for  different 
requirements.  Sensor  calibration  and  comparative 
measurements  using  different  heat  flux  sensors  in 
the  arc  heated  facility  LBK  are  described  in  the  last 
two  chapters. 

1.  List  of  symbols 

A  cross  section  area 

C  specific  heat 

Dn  binary  diffusion  coefficient  for  atoms 

and  molecules 
h  enthalpy 

hD  enthalpy  of  dissociation  per  unit 

mass  for  the  gas  in  the  external  flow 
K  thermal  conductivity 

LBK  arc  heated  facility  of  DLR 

Le  Lewis  number 

m  mass  flow  rate 


Nu  Nusselt  number 

P  pressure 

Pr  Prandtl  number 

q  heat  flux  rate 

Re  Reynolds  number 

s  wall  thickness 

T  temperature 

u  flow  velocity  component  in  the  direc¬ 

tion  parallel  to  the  body  surface 

s  emissivity 

P  density 

Subscripts 

c 
e 
s 
w 
0 
1 
2 
OO 

2.  Introduction 

Intrusive  measurement  techniques  in  supersonic 
and  hypersonic  flows  have  been  a  challenging  task 
for  engineers  for  decades.  Recent  progresses  in 
non-intrusive  measurement  techniques  and  numeri¬ 
cal  codes  have  led  to  a  better  understanding  of  local 
flow  phenomena  and  to  further  improvement  of 
intrusive  measurement  techniques  in  aerodynamics. 
Because  of  its  complexity  the  measurement  of  the 


coolant 

boundary  layer  edge 
stagnation  point 
wall 

stagnation  condition 
inlet  side 
outlet  side 
ambient,  free  stream 


Paper  presented  at  the  RTO  AVT  Course  on  “Measurement  Techniques  for  High  Enthalpy  and  Plasma  Flows", 
held  in  Rhode-Saint-Genese,  Belgium,  25-29  October  1999,  and  published  in  RTO  EN-8. 
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heat  flux  rate  remains  one  of  the  key  techniques, 
which  have  to  be  improved  with  respect  to  meas¬ 
urement  accuracy  and  repeatability.  The  heat  flux 
rate  is  usually  determined  from  the  measured  tem¬ 
perature  development  on  the  surface  or  inside  the 
probe  and  applying  a  mathematical  model  with 
some  assumptions.  Any  deviation  from  a  perfect 
contact  between  the  temperature  sensor  and  probe 
or  other  satisfaction  of  assumptions  leads  to  inaccu¬ 
racies. 

Heat  flux  determination  in  high  enthalpy  flow  fields 
is  accompanied  with  some  additional  effects.  Since 
the  flow  field  of  most  of  the  high  enthalpy  facilities 
is  in  thermo-chemical  non-equilibrium,  the  gas  sur¬ 
face  interaction  phenomena  influence  the  heat  flux 
rate  significantly.  Surface  catalysis  and  emittance, 
which  are  a  function  of  the  surface  temperature, 
play  an  important  role  in  such  environments.  The 
boundary  flow  around  the  probe  is  also  influenced 
by  these  effects  and  there  is  a  continuous  coupling 
between  the  flow  and  model  structure.  Differences 
in  the  operation  of  different  high  enthalpy  facilities 
give  rise  to  different  requirements  on  the  heat  flux 
sensors.  Short  duration  high  enthalpy  facilities  like 
shock  tunnels,  impulse  facilities,  etc.  have  a  very 
short  testing  time  of  several  milliseconds.  Therefore 
only  heat  flux  sensors  with  a  very  short  response 
time  can  be  used  in  these  facilities.  Because  of 
short  flow  exposure  time  of  the  sensor  the  surface 
temperature  is  low.  Arc  heated  and  induction 
heated  facilities  have  a  longer  testing  time,  which 
would  lead  to  higher  surface  temperature  of  the 
stationaiy  and  uncooled  probes.  The  practical  reali¬ 
sation  of  the  cooling  and  insulation  of  the  probe 
influences  the  measurement.  Another  option  is  the 
application  of  uncooled  transient  heat  flux  probes, 


whose  reliability  depend  on  some  further  parame¬ 
ters  like  sweep  speed,  flow  homogeneity,  etc.. 

Because  of  above  mentioned  diversity  in  the  re¬ 
quirement  on  heat  flux  sensors  different  types  of 
measurement  techniques  will  be  described  and 
compared  in  this  document.  Since  some  techniques 
can  be  used  in  both  short  and  long  test  duration 
facilities,  the  layout  of  this  script  is  chosen  in  such 
a  way  that  similar  techniques  are  described  in  the 
same  chapter. 

3.  Heat  flux  at  high  surface  temperatures 

The  heat  transfer  process  at  hypersonic  velocities  is 
complicated  by  high  temperature  effects,  which  are 
not  present  at  low  speed  flights.  The  shock  wave  in 
front  of  the  critical  components  of  a  hypersonic 
vehicle  like  nose  cap,  wing  leading  edge,  etc.  heats 
air  to  high  temperatures  at  which  dissociation  and 
ionization  of  the  gas  species  take  place  (Fig.  1). 


Figure  1.  Stagnation  region  flow  field 

Since  the  dissociation  and  ionization  processes 
proceed  at  finite  rates  and  the  relaxation  length 
behind  a  bow  shock  is  small  the  thermochemical 


9A-3 


equilibrium  is  not  necessarily  be  achieved  in  the 
stagnation  point  region.  Depending  on  the  shock 
strength,  i.e.  flight  Mach  number,  the  gas  at  the 
boundary  layer  edge  consists  of  different  composi¬ 
tion  of  molecules,  atoms  and  ions.  The  vibrational 
rotational  and  translational  excitations  of  molecules 
are  not  in  equilibrium.  Due  to  viscous  forces  in  the 
boundary  layer  the  gas  is  decelerated  and  recombi¬ 
nation  reactions  are  initiated.  Since  atoms  and  ions 
recombine  with  a  high  specific  energy  release  the 
heat  transfer  rate  is  enhanced.  If  a  fully  thermo¬ 
chemical  equilibrium  of  the  gas  is  not  achieved  in 
the  boundary  layer,  the  heat  flux  rate  to  the  body 
depends  on  the  catalysis  of  the  surface. 


specific  heat 

Du- 

binary  diffusion  coefficient  for  atoms 
and  molecules 

h : 

enthalpy 

V 

enthalpy  of  dissociation  per  unit  mass 
for  the  gas  in  the  external  flow 

K : 

thermal  conductivity 

9m' 

stagnation  point  heat  flux  rate 

u: 

flow  velocity  component  in  the  direc¬ 
tion  parallel  to  the  body  surface 

x : 

radial  distance  along  the  body  surface 
from  the  stagnation  point 

P- 

viscosity 

p: 

density 

The  stagnation  point  heat  transfer  rate  to  a  spherical 
body  in  a  dissociated  viscous  boundary  flow  with 
thermochemical  equilibrium  was  described  by  Fay 
and  Riddell  [1,2]  as  follows: 


<?,  =  0.76Pr06(pene)04  (p w|iJ 

(\  ~hj 


due 

dx 


(  h  ^ 

1  +  (fe0  52  -l)  jS. 

A; 


•(i) 


The  non-dimensional  parameters  appearing  in  this 
formula  are  defined  as 

Prandtl  number 


Pr  = 


P^-p 

~K~ 


Lewis  number 


(2) 


The  subscript  notation  is: 

0 :  conditions  at  the  stagnation  point 

e  :  conditions  at  the  boundary  layer  edge 

w :  conditions  at  the  body  surface 

The  stagnation  point  velocity  gradient  is  given  by 
Newtonian  theory  as: 

'duA  =_[  |2(pe-pJ 
<dx  )s  R]  pe 

where  R  is  the  radius  of  the  sphere,  pe  and  px  are 
the  pressure  at  the  stagnation  point  of  the  boundary 
layer  edge  and  the  pressure  ahead  of  the  shock,  re¬ 
spectively. 

The  heat  flux  rate  of  a  fully  catalytic  spherical  wall 
in  a  frozen  boundary  layer  is  given  as 


Le  = 


PCpDu 

K 


(3) 


The  other  notations  used  in  the  equation  (1)  are 
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qs  =  0. 76  Pr° 6 (pepe)° 4  (p„pj01 


V  Cfx 


K  -a) 


1  +  (/.e063  -l) 


f ,  \ 


V'V; 


t(5) 


c,  =  k]P25t;35R-2 


c/O 

dx 


-i 


(8) 

(9) 


The  heat  flux  rate  to  a  non-catalytic  surface  in  a 
frozen  boundary  layer  is  approximated  with  Le  =  0 
as: 


<j»  =  0  76  Pr^(p,n,r  (p„|O0  ' 

/"  j,  \ 

1  _  —1L 

{  h°J 


(6) 


The  equations  (1)  and  (5)  describing  the  heat  flux 
rate  to  an  arbitrary  surface  in  an  equilibrium  flow 
and  the  heat  flux  rate  to  a  fully  catalytic  surface  in  a 
frozen  flow  field,  respectively,  are  essentially  the 
same.  They  differ  only  in  the  slightly  different  ex¬ 
ponent  on  the  Lewis  number.  That  means  that  the 
surface  heat  flux  rate  is  nearly  the  same  whether  the 
flow  is  in  local  thermochemical  equilibrium  or  is 
frozen  with  a  fully  catalytic  wall.  In  the  case  of  an 
equilibrium  flow  recombination  reaction  takes 
place  in  the  colder  region  of  the  boundary  layer 
itself,  releasing  chemical  energy,  which  is  trans¬ 
ported  by  thermal  conductance  to  the  surface.  In  the 
frozen  boundary  layer  flow  recombination  occurs 
on  the  catalytic  wall  surface.  Figure  2  shows  the 
heat  transfer  coefficient  Nu/^Re  as  a  function  of 
the  recombination  rate  parameter  C,  [3].  Nusselt 
number  ( Nu ),  Reynolds  number  (Re)  and  C,  are 
defined  as: 


Nu  = 


<isCPwx 

Kw(he~hw) 


(7) 


R  is  the  universal  gas  constant. 

The  solid  lines  show  the  total  heat  flux  rate  for  both 
catalytic  (1)  and  non-catalytic  (2)  surfaces.  The 
heat  flux  rate  by  conduction  alone  to  a  catalytic 
wall  is  shown  by  the  dotted  curve  (3).  Large  values 
of  C,  corresponds  to  an  equilibrium  boundary  layer 
flow.  At  this  range  the  total  heat  transfer  is  domi¬ 
nated  by  conductive  heating.  As  mentioned  before 
in  an  equilibrium  flow  the  heat  flux  rate  to  both 
catalytic  and  non-catalytic  surfaces  is  the  same 
since  the  recombination  is  completed  in  the  bound¬ 
ary  layer  flow.  In  contrast  the  heat  flux  rate  to  a 
non-catalytic  wall  depends  strongly  on  the  flow 
regime.  By  moving  from  high  C,  values  (equilib¬ 
rium)  to  smaller  C,  values  the  flow  becomes  pro¬ 
gressively  more  non-equilibrium  and  it  is  frozen  at 
the  left  end  of  the  curves.  It  can  be  seen  clearly  that 
the  heat  flux  rate  to  a  non-catalytic  wall  (curve  2)  in 
the  frozen  flow  field  drops  by  a  factor  of  more  than 
two  compared  to  the  equilibrium  flow.  The  differ¬ 
ence  between  the  curves  1  and  3  represents  the  heat 
transfer  due  to  diffusion.  It  can  be  seen  clearly  that 
at  decreasing  C, ,  i.e.  freezing  boundary  layer  che¬ 
mistry,  the  conductive  heat  transfer  rate  to  the  wall 
is  decreasing.  Although  for  equilibrium  flows  the 
total  heat  transfer  is  essentially  all  conductive,  the 
diffusion  becomes  a  larger  part  of  the  heat  transfer 
to  a  catalytic  wall  in  strong  non-equilibrium  flow. 
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The  influence  of  the  non-equilibrium  phenomena  in 
the  gas-surface-interaction  in  high  enthalpy  flow 
field  has  to  be  considered  in  the  measurement  tech¬ 
niques  of  the  heat  flux  rate  determination  in  high 
enthalpy  facilities. 


qg=qc+qr  (1°) 

where  qg ,  qc  and  qr  represent  the  heat  flux  rate 

from  the  gas  to  the  surface,  conduction  inside  the 
model  and  thermal  radiation  of  the  model  surface, 
respectively.  The  thermal  radiance  is  a  strong  func¬ 
tion  of  the  surface  temperature 

<jr=^fc-r„4)  (ii) 

where  e  and  <7  (=  5.67  -KT8  [W/(m2  •  K4)])  are 
the  surface  emissivity  and  the  Stefan-Boltzmann 
constant,  respectively. 


Figure  2.  Heat  transfer  parameter  C\  for  dif¬ 
ferent  wall  catalysis  [1,2] 

4.  Heat  flux  measurement  techniques 

Fay  and  Riddell  equation  for  the  stagnation  point 
heat  flux  rate  does  not  include  radiation  effects. 
Since  the  radiance  of  a  surface  is  a  strong  function 
of  the  surface  temperature  and  its  development 
depends  also  on  the  thermal  properties  of  the  vehi¬ 
cle  or  model  materials,  it  has  to  be  considered  by 
the  analysis  of  heat  balance  of  a  solid  surface.  Al¬ 
though  especially  in  high  density  gas  with  high 
temperature,  radiation  processes  may  affect  the  heat 
transfer  from  the  gas  to  the  model  significantly, 
thermal  radiation  of  the  surface  at  high  tempera¬ 
tures  is  more  important.  Therefore  thermal  radiance 
of  the  surface  is  considered  in  the  analysis  of  the 
heat  balance  on  the  model  surface. 

Let  us  consider  a  test  model,  which  is  exposed  to  a 
high  enthalpy  flow  field  (Fig.  3). 

The  heat  balance  on  the  model  surface  can  be  ex¬ 
pressed  as 


Figure  3.  Heat  transfer  balance  at  the  model 
wall 

At  low  temperatures  of  the  model  in  a  high  en¬ 
thalpy  flow  field  the  thermal  radiance  ( qr )  is  negli¬ 
gible  compared  to  the  gas  heating  (Fig.  3).  Since 
the  difference  of  the  gas  and  surface  temperatures  is 
a  driving  factor  of  the  heat  transfer  from  the  gas 
surface  to  the  model  surface  (eqs.  (1),  (2)  and  (3)), 
it  is  high  at  cold  surfaces  in  a  high  temperature  gas 
flow.  Therefore  the  heat  conduction  into  the  model, 
i.e.  temperature  increase  in  the  model  structure,  is 
high.  Since  the  gas  heating  to  the  surface  and  ra¬ 
diation  cooling  of  the  model  have  an  opposite  de¬ 
velopment  with  increasing  temperature,  a  so-called 
radiative  equilibrium  establishes  at  high  surface 
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temperatures.  At  that  point  the  gas  heating  rate  and 
radiation  cooling  rate  are  equal.  The  heat  flux  rate 
to  a  surface  in  radiative  equilibrium  can  be  deter¬ 
mined  by  measuring  the  surface  temperature  and 
applying  the  equation  (11).  The  surface  temperature 
can  be  measured  with  non-intrusive  measurement 
techniques  like  pyrometer  or  IR-camera.  Besides  an 
accurate  temperature  measurement  a  correct  value 
of  the  surface  emissivity  s  is  essential  for  the  de¬ 
termination  of  the  so-called  hot  wall  heat  flux  rate. 
This  technique  can  only  be  applied  in  arc  heated  or 
induction  heated  facilities  with  long  testing  time 
(several  minutes),  where  radiative  equilibrium  can 
be  achieved. 


developments  are  the  boundary  conditions  of  this 
equation. 

Copper  slug  Copper  cylinder  Steel  cylinder 


In  order  to  determine  the  heat  flux  rate  to  models 
without  radiative  equilibrium  conditions  which  are 
achieved  in  long  duration  high  enthalpy  facilities, 
shock  tunnels  or  hot  shot  facilities  use  different 
measurement  techniques. 

4.1  Heat  storage  and  conduction  sensors 

4.1.1  Transient  heat  flux  probe  of  DLR 

The  transient  heat  flux  probe  designed  by  DLR  [4] 
consists  of  a  copper  cylinder  with  two  embedded 
thermocouples  at  both  ends  of  the  cylinder  (Fig.  4). 
It  is  integrated  in  a  water  cooled  probe  holder  al¬ 
most  adiabatically. 

The  probe  is  swept  through  the  flow  field  at  con¬ 
stant  flow  conditions.  Since  the  probe  temperature 
is  mostly  lower  than  500  K  and  copper  surface  is 
catalytic,  this  probe  provides  cold  wall  heat  flux 
rate  to  a  catalytic  surface.  The  heat  flux  rate  is  de¬ 
termined  from  measured  temperature  development 
at  two  locations  and  applying  one  dimensional  heat 
conduction  equation.  The  measured  temperature 


Figure  4.  Transient  heat  flux  probe  of  DLR 

Based  on  the  description  in  the  Fig.  5  the  heat  con¬ 
duction  equation  can  be  written  as  below: 


dT_  _  K  d2T 

8t  ~  p Cp  Ik2 


(12) 


where  T,  t  and  x  are  the  temperature,  the  time  and 
the  axial  distance  from  the  front  of  probe  surface. 
The  parameters  K,  p  and  Cp  represents  the  thermal 

conductivity,  the  density  and  the  specific  heat  of  the 
copper  cylinder,  respectively. 


- - L - - 

T2  (L,t)  —  F2  (t) 

f  (0 

X 

thermocouples 


Figure  5.  Mathematical  model  of  the  transient 
heat  flux  probe 
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The  initial  condition  is 

T(x,0)=T0.  (13) 

The  boundary  conditions  are  given  by  two  func¬ 
tions  F,  (t)  and  F2  (/): 

T{0,t)=F](t)  (14) 

T(L,  t)=  F2(t)  (15) 


urement  spot  of  thermocouples  in  the  cylinder  can 
influence  the  accuracy  of  the  probe  remarkably. 
Therefore  all  braze  spots  have  to  be  analysed  using 
X-ray  before  the  calibration  and  use  of  the  probe. 
The  temperature  dependency  of  the  material  prop¬ 
erties  (p,  Cp,K )  is  considered  to  achieve  a  good 

accuracy  of  the  measurement.  This  technique  also 
allows  to  measure  the  spatial  distribution  of  the 
heat  flux  rate. 


where  L  is  the  length  of  the  cylinder. 

Since  the  solution  of  the  equation  (12)  requires 
complicated  Laplace  transformations,  it  is  not  de¬ 
scribed  here  in  details.  Using  the  determined  tem¬ 
perature  development  along  the  cylinder  by  solving 
equation  (12),  the  heat  flux  rate  to  the  front  surface 
of  the  probe  can  be  calculated  from  equation: 


q(0,t)  =  K 


8T_ 

dx 


x=0 


(16) 


4.1.2  Heat  flux  sensor  of  NAL 

National  Aerospace  Laboratory  (NAL)  in  Tokyo 
has  developed  a  heat  flux  sensor  for  high  tempera¬ 
ture  application  using  tile  material  [6],  This  sensor 
was  successfully  applied  during  the  flight  of  the 
HYFLEX  vehicle  in  1996  [7].  It  consists  of  tile 
material  with  a  high  temperature  coating  of  0.3  mm 
thickness  (Fig.  6).  The  sensor  is  attached  to  the  sub¬ 
structure  of  the  vehicle  via  an  aluminium  flange 
and  screws. 


Transient  heat  flux  measurement  technique  assumes 
that  no  heat  is  lost  by  conduction  in  radial  direction 
and  thermocouple  wires.  The  first  assumption  is 
generally  justified  by  keeping  the  contact  surface  of 
the  probe  to  the  probe  holder  as  small  as  possible 
(three  points  around  the  circumference  of  the  cylin¬ 
der  and  use  of  an  insulation  material  as  interface 
surface).  Since  the  heat  conductivity  of  copper  is 
nearly  four  times  higher  than  that  of  Nickel  or 
Chromium  (NiCr-Ni  thermocouples  are  used)  [5] 
and  the  cross  section  area  of  thermocouples  is  very 
small  compared  the  cylinder  surface  area  the  heat 
sink  effect  of  thermocouples  is  small.  The  main  un¬ 
certainty  of  this  technique  is  correlated  to  the  quali¬ 
ty  of  vacuum  brazing  of  thermocouples  into  the 
copper  cylinder.  Even  small  cavities  at  the  meas- 


Figure  6.  NAL  heat  flux  sensor  [6] 
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Three  thermocouples  are  integrated  in  the  sensor  to 
measure  the  temperature  history  at  three  locations 
along  the  axis  of  the  plug  (Fig.  7).  The  first  ther¬ 
mocouple  is  attached  to  the  rear  surface  of  the  high 
temperature  glass  coating  layer.  The  measured  tem¬ 
perature  is  assumed  to  be  the  surface  temperature  of 
the  sensor.  The  much  higher  thermal  conductivity 
of  the  glass  coating  compared  to  the  ceramic  tile 
justifies  this  assumption.  Using  measured  tempera¬ 
tures  with  three  thermocouples  as  boundary  conditi¬ 
ons  under  the  assumption  of  two  dimensional  plane 
symmetry  and  applying  two  dimensional  heat  con¬ 
duction  equation  the  heat  flux  rate  is  calculated. 

NAL  sensor  is  one  of  the  few  sensors,  which  can  be 
used  at  high  temperatures  up  to  1700  K  for  flight 
experiments.  It  has  a  response  time  of  about  one  se¬ 
cond.  Since  it  is  made  of  tile  materials  of  the  vehi¬ 
cle,  the  transferability  of  the  data  to  the  thermal  be¬ 
haviour  of  other  TPS  components  of  the  vehicle  is 
more  reliable  compared  to  sensors  consisting  of 
metallic  materials.  Even  the  complex  data  reduction 
of  this  sensor  does  not  influence  its  advantages  for 
flight  application. 


Figure  7.  Principle  sketch  of  NAL  heat  flux 
sensor [7] 


4.2  Sensors  based  on  thick  wall  technique 

The  principle  of  thick  wall  heat  flux  sensors  is 
based  on  the  measurement  of  the  surface  tempera¬ 
ture  of  a  model  structure,  which  can  be  considered 
to  be  a  semi-infinite  solid  (Fig.  8).  It  means  that 
during  the  measurement  time  period  the  conductive 
heating  does  not  reach  the  rear  surface  of  the  mo¬ 
del,  i.e.  the  surface  temperature  at  that  location  re¬ 
mains  constant. 


(L,t)=T0 


Figure  8.  Boundary  temperatures  of  a  semi¬ 
infinite  model 


The  boundary  conditions  for  the  one-dimensional 
heat  conduction  equation  (eq.  (12))  would  be: 

T(0,t)  =  F,(t)  =  T(t)  (17) 


Qs  (0  =  K 


fMT 

V  d*  A,o 


rdT(ty 

V  dx  Jx=0 
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7-(u)  =  r(oo#t)  =  r0. 


(18) 


The  solution  of  the  equation  (12)  under  these 
boundary  conditions  leads  to  the  following  expres¬ 
sion  for  the  heat  flux  rate  to  a  semi-infinite  probe: 
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In  the  case  of  a  constant  heat  flux  rate  equation  (19) 
takes  a  simpler  form: 

9=^^  [r(o,f)-r„].  O) 

This  technique  requires  a  short  exposure  time  of  the 
sensor  to  the  flow.  The  duration  is  defined  by  the 
constancy  of  the  rear  surface  temperature  of  the 
slug.  Therefore  it  is  mainly  used  in  shock  tunnels, 
impulse  tunnels  or  hot  shot  facilities.  The  transition 
phase  of  the  flow  after  the  start  makes  the  heat  flux 
evaluation  in  these  facilities  difficult. 

4.2.1  Coaxial  surface  thermocouple 

The  principal  of  the  application  of  the  coaxial  sur¬ 
face  thermocouple  for  the  heat  flux  rate  measure¬ 
ment  is  the  measurement  of  the  surface  temperature 
of  a  body,  which  can  be  considered  as  a  semi-infi¬ 
nite  solid.  One  thermoelectric  material  is  installed 
in  a  second  tube  of  thermoelectric  material  concen¬ 
trically  with  an  electrical  insulation  of  ceramic  base 
(Fig.  9).  The  hot  junction  of  the  thermocouple  is 
created  by  abrading  the  center  conductor  and  outer 
tube  together.  The  coaxial  thermocouple  assembly 
is  completed  by  attaching  thermocouple  lead  wires 
to  the  coaxial  thermoelements. 

The  heat  flux  rate  is  determined  from  the  measured 
surface  temperature  history  by  solving  equation 
(19)  or  (20)  using  a  numerical  integration  techni¬ 
que. 

In  order  to  achieve  a  representative  heat  flux  rate  to 
the  model  surface,  the  material  properties  of  the 
thermocouple  (i.e.  ^JpCpK  value)  has  to  match 
with  the  model  parameters.  This  technique  is  ap¬ 


plied  in  short  duration  wind  tunnels,  continuous 
wind  tunnels  and  arc  jet  facilities.  The  main  ad¬ 
vantages  of  the  coaxial  thermocouple  technique  are 
its  fast  response  time  (~  50  ps)  and  very  good  dura¬ 
bility.  Since  the  output  is  self-generating,  no  cali¬ 
bration  is  required.  It’s  application  is  restricted 
more  or  less  to  metal  models.  Weak  output  signal 
and  complex  data  reduction  are  the  disadvantages 
of  this  technique. 


INSTALLED  IT  HESS  FITTING 

H«0  IMUU1KW 


Figure  9.  Sketch  of  coaxial  surface  thermo¬ 
couple  [8] 

Based  on  already  available  coaxial  thermocouples, 
a  coaxial  thermocouple  with  integrated  pressure 
gauge  has  been  developed  at  the  Technical  Univer¬ 
sity  of  Aachen  (RWTH  Aachen)  (Fig.  10)  [9].  It 
allows  to  measure  the  temperature,  i.e.  heat  flux 
rate,  and  pressure  almost  at  the  same  location  (spa¬ 
tial  deviation  between  two  sensors  is  about  1.5 
mm).  The  sensor  properties  are  matched  for  its  ap¬ 
plication  in  short  duration  facilities. 
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Figure  10.  Coaxial  surface  thermocouple  with 
integrated  pressure  gauge  [9] 

4.2.2  Thin-film  gauge 

Thin  film  gauges  have  been  extensively  used  in  the 
aerodynamic  research  for  decades.  Mainly  a  plati¬ 
num  film  is  applied  in  a  thickness  of  several  nano¬ 
meters  on  the  substrate  by  sputtering,  vacuum 
deposition  or  painting.  Pyrex,  fused  Quarts  or 
MACOR  are  mainly  used  as  substrate.  Because  of 
its  high  positive  temperature-resistance  coefficient 
Platinum  provides  an  excellent  output  signal.  The 
temperature  data  deduced  from  the  measured  resis¬ 
tance  change  is  reduced  to  the  heat  flux  rate  using 
semi-infinite  heat  flux  equation  (eq.  (19)  or  (20)). 
Figure  11  shows  a  thin  film  gauge  developed  at 
RWTH  Aachen  [10].  Thin  film  gauges  are  very 
convenient  for  aerothermodynamic  application, 
since  they  have  a  negligible  heat  capacity  compared 
to  the  substrate.  In  contrast  to  coaxial  surface  ther¬ 
mocouples  thin  film  gauges  find  a  broad  application 
on  non-metal  lie  materials.  The  other  remarkable 
advantage  is  their  easy  use  in  surface  curvatures  of 
small  radius.  The  response  time  is  very  short  (less 
than  5  ps).  But  these  sensors  are  very  sensitive  even 
to  small  particles.  The  calibration  is  time 


consuming.  The  influence  of  the  heat  conduction  on 
the  results  has  to  be  considered  in  the  evaluation  of 
the  data. 


Figure  11.  Thin  film  gauge  of  RWTH  Aachen 
[10] 

4.2.3  Null-point  calorimeter 

The  null-point  calorimeter  was  developed  by 
AEDC  [8].  Figure  12  shows  a  sketch  of  this  sensor. 
A  thermal  mass  with  a  length  of  several  centimetres 
is  drilled  from  the  backside  to  a  few  millimetre  dis¬ 
tance  from  the  front  surface. 


[8] 


The  location  0,  b  on  the  radial  centerline  of  the 
cylinder  cavity  is  defined  as  the  null  point.  The 
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measured  temperature  development  of  this  point  is 
assumed  to  be  identical  to  the  surface  temperature 
history  on  the  outside  surface  of  the  same  thermal 
mass  without  cavity.  In  order  to  justify  this  as¬ 
sumption  the  geometry  of  the  sensor  is  specified  by 
a  very  detailed  thermal  analysis.  According  to  null 
point,  analysis  states  that  the  temperature  history  at 
the  null  point  would  be  very  close  to  the  surface 
temperature  history  in  the  absence  of  the  hole,  if  the 
ratio  of  the  hole  radius  to  the  axial  distance  of  the 
point  about  1 .4.  Therefore,  the  measured  null  point 
temperature  with  a  Chromel-Alumel  thermocouple 
can  be  inserted  into  the  equation  (19)  to  determine 
the  heat  flux  rate  to  a  semi-infinite  mass.  The  ther¬ 
mocouple  wires  are  normally  attached  by  vacuum 
brazing.  As  it  is  shown  in  Fig.  13  the  null-point 
body  has  a  slight  chamber  at  the  top  and  bottom, 
which  creates  an  effective  circumferential  dead  air 
space  along  the  length  of  the  cylinder  to  enhance 
one-dimensional  heat  conduction  and  prevent  radial 
heat  transfer. 


Figure  13.  Cross  section  view  of  null-point  ca¬ 
lorimeter  [8] 

This  sensor  is  mainly  used  at  the  stagnation  point 
test  configuration  of  arc  heated  facilities.  Its  re¬ 
sponse  time  is  1-2  ms.  Very  high  heat  flux  rates  up 


to  284  MW/m2  can  be  measured  with  this  sensor. 
Shortcomings  of  the  null-point  calorimeter  are  the 
difficulty  in  the  achievement  of  consistency  in 
thermocouple  wire  attachment,  difficult  calibration 
procedure  and  its  limitation  to  high  heat  flux  rates 
at  short  time  duration. 

4.3  Calorimetric  sensors 

4.3.1  Thin-skin  technique 

The  operation  principle  of  the  thin-skin  technique 
involves  measuring  the  slope  of  the  back  surface 
temperature  history  of  a  thin  skin  model. 

The  heat  flux  rate  can  be  calculated  using  the  rela¬ 
tion: 

<j  =  PCp5^  (21) 

where  s  is  the  thickness  of  the  thin  wall. 

This  technique  assumes  that  the  heat  conduction  to 
adjacent  structures  is  negligible  during  the  meas¬ 
uring  time.  The  exposure  time  of  the  sensor  has  to 
be  specified  in  dependence  on  the  material  proper¬ 
ties  and  heat  flux  rate  level,  i.e.  temperature  gradi¬ 
ent  on  the  back  surface.  Simple  data  reduction  is  a 
big  advantage  of  this  technique.  But  the  influence 
of  the  lateral  heat  conduction  and  temperature  de¬ 
pendency  of  the  material  properties  on  the  meas¬ 
urement  accuracy  is  a  problem.  Therefore  the  fabri¬ 
cation  of  a  thin-skin  model  is  expensive. 

4.3.2  Slug  calorimeter 

The  slug  calorimeter  technique  is  based  on  the  stor¬ 
age  of  all  the  heat  which  enters  upon  the  sensor 
surface  in  a  calorimetric  mass  during  the  measuring 
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time.  A  metallic  disc  is  mostly  used  as  calorimetric 
mass.  The  slug  is  integrated  in  a  thermal  insulator 
to  avoid  radial  heat  losses  (Fig.  14). 


calorimetric  mass 


Figure  14.  Sketch  of  slug  calorimeter 

Again  equation  (21)  is  applied  for  the  calculation  of 
the  heat  flux  rate  from  the  measured  temperature 
history  on  the  backside  of  the  disc.  The  accuracy 
depends  strongly  on  the  quality  of  the  insulation, 
i.e.  prevention  of  radial  heat  conduction. 

4.3.3  Water  cooled  calorimeter 

The  Institute  of  Mechanical  Problems  (IPM)  in 
Moscow  developed  a  water  cooled  calorimeter  to 
measure  the  heat  flux  rate  in  steady  state  flow  con¬ 
ditions  [11].  This  technique  is  based  on  the  meas¬ 
urement  of  the  energy  absorbed  by  cooling  water, 
which  removes  the  incident  heat  from  the  back 
surface  of  the  thin  metallic  disc  of  a  hollow  cylin¬ 
der  (Fig.  15). 


The  water  mass  flow  rate  and  the  temperature 
increase  of  the  water  are  measured  precisely.  The 
heat  flux  rate  is  calculated  using  following  relation: 


q=  * 

(4-4) 

A 

where 

A: 

cross  section  area  of  the  probe 

^  pc'- 

specific  heat  of  water 

mc: 

water  mass  flow  rate 

T  ■ 

1  lc  • 

water  inlet  temperature 

T  ■ 

1  2c  ' 

water  outlet  temperature 

(22) 


Material  of  different  catalysis  can  be  used  as  probe 
material.  DLR  and  VKI  have  manufactured  calori¬ 
meter  probes  based  on  IPM-concept  (Fig.  16). 


removable  cylinder 


Figure  16.  Water  cooled  calorimeter  probe  of 
DLR  based  on  IPM  concept 


Figure  15.  Sketch  of  water  cooled  steady  state 
calorimeter 


4.4  Heat  conduction  gauges 

4.4.1  Gardon  gauge  (asymptotic  calorimeter) 

Gardon  gauges  consist  basically  of  a  thin  metallic 
foil  suspended  over  a  cavity  in  a  heat  sink.  It  is 
thermally  and  electrically  attached  to  the  heat  sink 
at  the  periphery  of  the  cavity  using  metallurgical 
bonding  techniques  (Fig.  17).  The  metallic  foil  as 
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the  first  thermoelectric  material  (mostly  constantan) 
creates  together  with  to  the  second  thermoelectric 
material  of  periphery  (copper)  one  junction  of  the 
thermocouple.  A  wire  of  second  thermoelectric  ma¬ 
terial  is  attached  to  the  rear  surface  center  of  the 
foil  to  form  a  differential  thermocouple.  It  measures 
the  temperature  difference  between  the  center  and 
the  edge  of  the  foil. 

The  one-dimensional  heat  conduction  in  radial  di¬ 
rection  can  be  described  in  polar  co-ordinates  as: 

pC,sr=M+^r  j-  (23) 

K  dt  r  dr  dr 2  s.K 

with  boundary  conditions 


cylinder  to  provide  absolute  gauge  temperature  for 
the  calculation  of  heat  transfer  coefficient  in  aero¬ 
dynamic  application.  The  influence  of  the  heat  sink 
temperature  should  be  considered  by  the  specifica¬ 
tion  of  the  sensor.  Copper-Constantan  combination 
meets  the  requirements  with  respect  to  the  linearity 
of  the  sensor. 


constantan  foil 


T  (r,0)  =  Ts  at  0  <  r  <  R  (24) 

and 

T(R,t)  =  Ts  for  0<t  <oo.  (25) 

The  steady  state  solution  of  the  equation  (23)  under 
these  boundary  conditions  is: 

t-li&f-V-  (26) 

The  heat  flux  rate  at  the  foil  center  ( r  -  0  )  would 
be 

4=^-0-  (27) 

Equations  (26)  and  (27)  show  that  the  temperature 
difference  between  the  center  and  edge  of  the  foil  is 
directly  proportional  to  the  heating  rate  q .  A  fur¬ 
ther  thermocouple  is  usually  integrated  inside  the 


Figure  17.  Principle  scheme  of  Gardon  gauge 

Gardon  gauges  have  a  broad  application  in  wind 
tunnel  heat  flux  measurements  and  heat  transfer 
determination  during  flight.  Uncooled  sensors  can 
only  be  applied  at  surface  temperatures  up  to 
1 100°C.  The  response  time  of  these  sensors  is  about 
1  second.  Since  the  heat  flux  rate  is  directly  pro¬ 
portional  to  the  temperature  difference,  the  data 
reduction  is  very  easy.  Low  sensitivity  and  limited 
surface  temperature  are  main  disadvantages.  Gar¬ 
don  gauge  signal  in  high  enthalpy  facilities  is  noisy. 

4.4.2  Thin  thermopile  sensors 

The  thermopile  measurement  technique  is  based  on 
the  measurement  of  the  temperature  change  across 
the  thermal  resistance  elements,  which  are  depos¬ 
ited  on  a  heat  sink  material.  The  thermopile  consists 
of  multi  thermocouple  pairs  to  achieve  measurable 
voltage  drop  across  the  sensor. 
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Vatell  Corporation  has  developed  a  micro-sensor 
(HFM)  based  on  this  technique.  Two  different  thin 
films  are  deposited  on  the  aluminium  nitride  sub¬ 
strate  of  HFM.  A  thin  film  of  less  than  2  microns  of 
the  heat  flux  sensor  HFS  allows  to  achieve  very  fast 
response  of  about  10  microseconds.  The  heat  flux 
sensor  is  surrounded  by  a  temperature  sensor  made 
of  platinum  resistors  (RTS).  Temperature  is  deter¬ 
mined  by  passing  a  small  constant  current  through 
the  resistance  and  measuring  the  resulting  voltage. 
Substrate  surface  temperature  is  used  to  consider 
the  change  of  the  material  properties  with  the  tem¬ 
perature  in  the  heat  flux  determination.  It  may  also 
be  used  to  check  the  calibration  of  the  HFM  sensor 
and  measure  the  heat  transfer  coefficient  in  aerody¬ 
namic  application. 

In  order  to  use  the  linear  range  of  the  temperature 
dependency  of  substrate  material  properties,  the 
heat  transfer  to  the  surrounding  model  is  forced  by 
using  nickel  or  copper  housing,  which  is  bonded  to 
the  substrate  with  high  grip.  The  surface  of  the  thin 
films  can  be  coated  with  layers  of  different  emis- 
sivity,  which  is  very  essential  for  the  calibration  of 
the  sensor  using  radiation  sensors.  HFM  sensors 
can  be  used  at  temperatures  up  to  1 125  K  without 
cooling. 

In  the  frame  of  X-38  programme  OHB  will  use  a 
HFM  sensor  integrated  in  a  flexible  insulation  ma¬ 
terial  (FEI)  and  perform  heat  flux  measurement  on 
the  Lee  side  of  the  vehicle  during  the  first  flight  of 
the  X-38  demonstrator  (Fig.  18)  [12]. 

The  OHB  set-up  including  HFM  sensor  has  been 
qualified  at  flight  conditions  of  X-38  demonstrator 
in  the  arc  heated  facility  LBK  of  DLR  (Fig.  19) 
[13]. 


Figure  18.  HFM  sensor  integrated  in  the  OHB 
flight  component  [12] 


Figure  19.  Qualification  test  on  OHB  flight 
component  with  a  HFM  sensor  in 
LBK 


5.  Calibration  of  heat  flux  sensors 

Calibration  of  heat  flux  sensors  is  a  sophisticated 
work  for  engineers.  Since  heat  sources  based  on 
convective  heating  is  difficult  to  handle  with  re¬ 
spect  to  their  repeatability,  mostly  radiative  cali¬ 
bration  sources  are  used.  AEDC  has  developed  two 
such  calibration  sources.  The  first  source  uses  a  1 .6 
kW  xenon  arc  lamp  focussed  on  a  small  area  to 
achieve  high  heat  flux  rates  up  to  28.4  MW/m2.  To 
improve  the  uniformity  of  the  radiant  intensity, 
which  is  a  general  problem  of  most  of  the  radiant 
heat  sources,  an  integrator  consisting  of  an  alu- 
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minium  tube  with  a  highly  polished  inside  surface 
was  installed  with  its  entrance  at  the  focal  plane  of 
the  calibrator.  Another  portable  calibrator  for  lower 
heat  flux  rate  up  to  1.4  MW/m2  has  a  200  W  tung¬ 
sten  filament  lamp  as  heat  source.  The  radiant  en¬ 
ergy  of  the  lamp  is  focussed  on  a  small  spot  of 
about  7.6  mm  at  one  of  the  focal  point  of  the  ellip¬ 
soidal  reflector  with  polished  surface  (Fig.  20).  The 
sensor  is  placed  at  this  focal  point. 

Both  calibration  techniques  require  a  reference 
sensor  in  addition  to  the  sensor,  which  has  to  be 
calibrated. 

The  calibration  unit  of  Vatell  uses  the  radiation  of  a 
electrically  heated  thin  graphite  plate  as  heat  source 
[12].  The  reference  and  calibration  sensor  are  in¬ 
stalled  at  each  sides  of  the  plate  and  heated  with 
same  radiance  intensity.  In  order  to  avoid  any  con¬ 
vection  and  oxidation  processes,  the  complete  fur¬ 
nace  is  set  evacuated  down  to  1  hPa  pressure  level. 
Heat  flux  rate  up  to  3.4  MW/m2  can  be  achieved  in 
this  heat  flux  calibration  source. 


6.  Comparative  heat  flux  measurements  in  LBK 

Transient  heat  flux  probe  and  water  cooled  steady 
state  calorimeter  of  LBK  (Figs.  4  and  16)  are  used 
for  the  measurement  of  cold  wall  heat  flux  rate  to  a 
copper  surface  at  same  test  conditions.  Tests  were 
performed  in  the  stagnation  point  test  configuration 
of  LBK.  Both  flow  conditions  were  chosen  in  such 
a  way  that  moderate  heat  flux  rates  can  be  set.  A 
SiC  model  with  the  same  geometry  as  heat  flux 
probes  was  also  tested  to  determine  the  hot  wall 
heat  flux  rate.  The  duration  of  the  tests  on  the  SiC 
probe  was  long  enough  to  reach  radiative  equilib¬ 
rium.  As  mentioned  before  the  hot  wall  heat  flux  is 
determined  from  the  measured  surface  temperature 
with  a  pyrometer.  Measured  cold  and  hot  wall  heat 
flux  rates  are  listed  in  Table  1. 


Test  condition 

I 

II 

qc.,  [kW/m2] 

725 

1080 

qcs  [kW/m2] 

680 

1210 

qh  [kW/m2] 

303 

351 

SPOT  HEATER  HOLDER 


SCHMIDT-BOELTEt 
GAGE  STANDARD 

StOT  FOR  5HUTTEI 


INTEKHANGEAIIE  SENSOR/MODEL 
HOLDER 

10*  HALF-ANGLE  SPHERE 
MOOLI 


NUU-KHNT  CALORIMETER 
SHUTTER 

INTEKHANGEAIIE 
STANDARO/SENSOI 
HOLDER 


Figure  20.  Sketch  of  portable  calibrator  of 
AEDC  [8] 


Table  1.  Cold  wall  heat  flux  rates  to  a  copper 
surface  measured  using  transient 
and  calorimeter  probes  in  compari¬ 
son  with  hot  wall  heat  flux  rates  to  a 
SiC  model  in  LBK 


Although  at  test  condition  I  the  agreement  between 
cold  wall  heat  flux  rates  measured  with  the  tran¬ 
sient  and  calorimeter  probes  (  qc.i  and  qc.s ,  respec¬ 
tively)  is  acceptable,  a  deviation  of  around  1 1  %  is 
noticed  at  the  test  condition  II.  A  systematic  study 
including  a  detailed  parameter  variation  is  under¬ 
way  to  clarify  this  discrepancy.  Another  very  im¬ 
portant  results,  which  is  strongly  related  to  non- 
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equilibrium  effects  of  high  enthalpy  flow  on  model 
surfaces  with  different  catalycity,  is  the  difference 
between  cold  and  hot  wall  heat  flux  rates.  As  it  can 
be  seen  in  the  Table  1  the  cold  wall  heat  flux  rate  is 
more  than  twice  of  the  hot  one.  Since  the  gas  tem¬ 
perature  at  the  stagnation  point  in  the  boundary 
layer  flow  of  the  model  of  more  than  4000  K  is 
remarkably  higher  than  the  model  surface  temper¬ 
ature  and  the  difference  in  the  surface  temperature 
of  SiC  and  copper  cylinder  of  cold  wall  heat  flux 
probes  is  about  1500  K,  this  big  difference  has  to  be 
caused  by  additional  gas  surface  interaction  effects. 
At  temperatures  beyond  2500  K  molecular  oxygen 
in  the  flow  field  of  LBK  is  completely  dissociated. 
Spectroscopic  measurements  and  numerical  results 
state  that  the  flow  field  in  the  free  stream  and 
behind  bow  shock  ahead  of  the  model  is  in  thermo¬ 
chemical  non-equilibrium  (nearly  frozen).  There¬ 
fore  the  surface  catalysis  has  an  significant  influ¬ 
ence  on  the  heat  flux  rate.  It  is  well  known  that  at 
above  specified  test  condition  a  Si02  layer  develops 
due  to  passive  oxidation  on  the  SiC  surface.  This 
leads  to  a  low  catalytic  surface.  In  contrary  copper 
surface  is  nearly  fully  catalytic.  Therefore  strong 
exothermic  recombination  reaction  takes  place  on 
the  copper  surface  and  enhance  the  heat  flux  rate. 
Especially  non-equilibrium  effects  on  the  gas  sur¬ 
face  interaction  keeps  heat  flux  measurements  in 
high  enthalpy  flow  fields  very  challenging  and  re¬ 
quire  further  improvements. 

7.  Concluding  remarks 

Parallel  to  the  progress  in  material  science,  elec¬ 
tronics,  and  spectroscopic  techniques  the  accuracy 
and  application  range  of  heat  flux  sensors  has  been 
improved  in  the  last  decades.  But  compared  to  other 


parameters  in  aerothermodynamics  like  pressure, 
flow  rate,  etc.,  where  accuracy  and  repeatability 
values  are  specified  within  1%,  usually  an  accuracy 
value  within  5%  cannot  be  guaranteed  for  heat  flux 
sensors,  yet.  Another  challenge  for  engineers  is  the 
development  of  sensors  of  high  accuracy  for  high 
temperature  application  in  a  reactive  environment. 
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Summary 

In  this  document  the  non-intrusive  temperature 
measurement  techniques  like  pyrometry  and  IR- 
thermography  and  their  application  at  high  tem¬ 
peratures  are  described.  For  a  better  understanding 
first  some  basic  relations  of  thermal  radiation  are 
discussed  followed  by  the  absorption  behaviour  of 
the  atmosphere  and  optical  glasses.  Main  properties 
of  different  IR  detector  types  follows  this  chapter. 
Chapters  five  and  six  are  devoted  to  the  description 
of  pyrometers  and  IR-cameras  including  a  compari¬ 
son  of  different  detectors,  data  reduction  and  im¬ 
aging  techniques.  Based  on  the  experience  from 
application  of  IR  devices  at  the  arc  heated  facility 
LBK,  some  requirements  on  an  IR-system  for  its 
use  at  high  enthalpy  facilities  are  defined.  Results 
of  comparative  and  complementary  measurements 
of  the  surface  temperature  of  several  thermal  pro¬ 
tection  materials  using  pyrometers  and  IR-cameras 
are  presented  in  chapter  nine. 

1.  List  of  symbols 


A 

surface  area 

CCD 

charge  coupled  device 

C-SiC 

carbon  fibre  reinforced  silicon  carbi¬ 
de 

c 

speed  of  light  in  vacuum 

C\’C2 

radiation  constants 

D 

detectivity 

d 

distance 

E 

energy 

FPA 

focal  plane  array 

h 

Planck's  constant 

I 

photo  current 

IR 

infrared 

k 

Boltzmann's  constant 

L 

radiant  intensity 

LBK 

arc  heated  facility  of  DLR 

spectral  radiance 

NEP 

noise  equivalent  power 

R 

reflectance 

r 

radius 

SiC 

silicon  carbide 

T 

temperature 

TPS 

thermal  protection  system 

W 

radiance 

a 

absorption  coefficient 

£ 

emissivity 

O 

radiant  flux 

X 

wavelength 

T 

transmittance 

V 

frequency 

Q 

solid  angle 

Subscripts 

b 

black  body 

cal 

calibration 

D 

detector 

F 

filter 

G 

geometric 

M 

media 

m 

measured 

O 

optics 

P 

primaiy 

S 

stop 

s 

secondary 

t 

total 

Paper  presented  at  the  RTO  AVT  Course  on  "Measurement  Techniques  for  High  Enthalpy  and  Plasma  Flows”, 
held  in  Rhode-Saint-Genese,  Belgium,  25-29  October  1999,  and  published  in  RTO  EN-8. 
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2.  Introduction 

The  measurement  of  the  surface  temperature  of  test 
models  in  high  enthalpy  and  hypersonic  flows  has 
been  a  big  challenge  for  engineers.  Because  of  che¬ 
mical  reactions  between  the  solid  and  gas  phases  at 
high  temperatures,  mechanical  temperature  sensors 
like  thermocouples,  thermo-resistance  sensors,  etc. 
find  only  a  limited  application  in  such  environ¬ 
ments.  In  these  cases  and  some  other  applications, 
where  mechanical  sensors  can  disturb  the  flow 
field  as  a  result  of  interaction  with  the  supersonic 
flow,  non-intrusive  temperature  measurement  tech¬ 
niques  provide  more  reliable  data.  These  techni¬ 
ques  find  a  broad  application  in  rotating  systems  as 
well. 

IR-thermography  and  pyrometry  are  two  well  de¬ 
veloped  non-intrusive  techniques  for  the  measure¬ 
ment  of  the  surface  temperature.  Because  of  their 
relatively  simpler  hardware,  and  lower  costs  mostly 
pyrometers  are  used  for  the  measurement  of  local 
surface  temperatures  up  to  3000°C.  A  simultaneous 
surface  temperature  distribution,  which  is  some¬ 
times  essential  for  the  interpretation  of  physical 
phenomena,  can  only  be  measured  with  more  com¬ 
plex  IR-cameras.  Parallel  to  the  developments  in 
electronics  and  materials  for  optical  components 
significant  progress  has  been  made  recently  with 
respect  to  the  temperature  resolution,  quick  re¬ 
sponse  and  good  accuracy  of  IR-devices. 

In  this  document,  basic  relations  of  thermal  radiati¬ 
on,  the  properties  of  IR  components  and  different 
applications  of  pyrometers  and  IR-cameras  will  be 
discussed. 


3.  Basic  relations  of  thermal  radiation 

Each  object  at  a  temperature  of  higher  than  abso¬ 
lute  zero  emits  light  in  the  visible  and  infrared 
wavelength  ranges.  The  glowing  of  materials 
heated  to  temperatures  above  500°C  is  the  optical 
manifestation  of  this  radiation.  The  change  in  col¬ 
our  of  the  emitted  light  with  increasing  temperature 
shows  the  dependence  of  thermal  radiation  on 
wavelength. 

Some  main  parameters  of  the  thermal  radiation  are 
defined  below  [1]: 

The  radiant  flux  is  the  radiance  dW  emitted  dur¬ 
ing  a  time  duration  dt  into  a  hemisphere: 

=  dW  / dt  [W/m2].  (1) 

Consider  a  radiation  source  element  A,  and  a  de¬ 
tector  element  A2  in  a  hemispherical  optical  space 
(Fig.  1). 


Figure  1.  Beam  geometry  in  a  hemispherical 
space 

Let  Q  be  the  solid  angle  subtended  by  A2  at  A , . 
We  then  have: 


Q  =  A2  / r2[m2  / m1  =  Steradiant] . 


(2) 
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Using  the  above  mentioned  parameters  and  Q 
the  radiant  intensity  can  be  derived  as: 


d20 


dAt  ■ dQ-cos 0 


\fV  /  m1  ■ sr  . 


(3) 


Since  only  a  limited  spectral  range  of  radiation  is 
used  in  IR-thermography,  it  is  necessary  to  intro¬ 
duce  the  spectral  radiance  (intensity)  Lx : 


dL  d3( D 

dk  dAx-dCl-dX ■  cos  © 


(4) 


In  order  to  keep  the  surface  energy  of  an  arbitrary 
body  exposed  to  radiation  constant,  the  sum  of  the 
reflected,  absorbed  and  transmitted  parts  of  light 
must  equal  the  incident  radiant  intensity.  The  ab¬ 
sorption  coefficient  a,  reflectance  R  and  transmis¬ 
sion  factor  x  of  a  body  are  defined  as: 


a-L  /  L 

^■absorbed  A total 

(5) 

R  =  LX  /Lx 

^reflected  ^ total 

(6) 

t-L  /  L 

'*■ transmitted  ^total 

(7) 

There  are  no  reliable  theoretical  relations  to  de¬ 
scribe  the  dependence  on  all  these  parameters.  A 
sophisticated  and  very  complex  set-up  is  necessary 
to  investigate  this  problem  experimentally.  Only 
for  special  conditions,  like  for  a  black  body,  can  the 
dependence  between  different  radiation  parameters 
be  expressed  analytically.  A  black  body  absorbs  the 
incident  light  totally.  This  means  the  absorption 
coefficient  a  is  independent  of  temperature,  wave¬ 
length  and  light  incident  angles  and  has  the  value 
a  =  1 ,  i.e.  R  =  x  =  0  .  A  cavity  surrounded  with  a 
cylindrical  or  spherical  body  with  nontransmittive 
walls  in  thermal  equilibrium  is  a  common  black 
body.  Kirchhoff  experimentally  found  that  the  ratio 
of  the  absorption  coefficient  a  and  emission  coeffi¬ 
cient  s  of  an  arbitrary  surface  has  a  constant  value 
1  (Kirchhoff  s  law): 

a/e  =  l.  (10) 

According  to  the  Kirchhoffs  law  the  spectral  radi¬ 
ance  of  an  arbitrary  surface  Lx  is  a  product  of  its 
emissivity  8  and  the  radiant  intensity  of  a  black 
body  Lh : 


The  condition  of  constant  energy  leads  to  the  fol¬ 
lowing  relation 

a  +  ^?  +  x  =  l.  (8) 

In  general,  these  three  parameters  are  functions  of 
the  temperature  T,  the  wavelength  X ,  the  azimuth 
angle  cp  and  the  zenith  angle  ©  of  the  radiation: 

a  =  a  (T,  X,  cp,  ©) 

R  =  R(TX<?,®).  (9) 

x  =  x(^r,<p,0) 


Lx=z-LXh.  (11) 

The  emissivity  of  a  surface  also  depends  on  the 
temperature  and  the  wavelength  (the  influence  of 
angles  cp  and  0  is  weak  and  neglected  here): 

e  =  8  (X,T).  (12) 

Based  on  quantum  mechanics  Planck  analytically 
derived  the  following  equation  to  describe  the  spec¬ 
tral  radiance  of  a  black  body  (Planck's  law): 
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4A.r)= 


Qn}'  e" 


where 


This  equation  shows  good  agreement  with  the 
Planck's  law  within  an  accuracy  of  0.1%  and  can 
therefore  be  applied  at  low  temperatures. 


c,  =2nc2h  =  3.7414- 10-'6  [Wm2] 
c2  =ch/k  =  1.4388 10“2  [mK] 


The  temperature  of  a  real  surface  can  be  deter¬ 
mined  using  the  definition  of  a  "black  temperature" 
t, W.  r»(x)  is  the  temperature  of  a  black  body, 


and 


which  at  the  wavelength  X  has  the  same  radiance  as 


the  real  surface 

[m/s] 

the  speed  of  light  in 
vacuum 

4  M=Lufy..T,(x)) 

(17) 

[J  s] 

the  Planck's  con¬ 
stant 

where  T  is  the  "true  temperature"  of  the  real 

face.  Planck's  law  leads  to 

sur- 

[J/K] 

the  Boltzmann's 
constant 

i=i.+A,„E(,,r)_S„ 

T  Th  c2  c2  \-e-^T^)>  ■ 

(18) 

are  universal  constants. 

Thus,  the  thermal  emission  of  a  real  body  can  be 
described  by  the  following  equation: 


Using  the  black  temperature,  which  can  be  deter¬ 
mined  from  the  spectral  intensity  directly,  the  tem¬ 
perature  of  the  real  body  with  the  same  radiance 
can  be  calculated  using  eq.  (18). 


zx(^r)-s(x,r> 


QnX5  ec',(XT)-\  ' 


(14) 


For  temperatures  up  to  about  2700  K: 


XT  «c2,  i.e„  eCl  /<X'T)  »  1 . 


(15) 


Thus,  the  Planck's  equation  can  be  approximated  by 
the  Wien's  equation: 


4  (x,  r) = e  (».,  ruS— .  <.->  «r' 

£271  A. 


(16) 


In  practical  applications,  however,  the  influence  of 
the  measurement  environment  on  the  components 
of  the  IR-device  have  to  be  taken  into  account  for  a 
reliable  temperature  measurement. 

4.  Optical  components  of  pyrometers  and  IR- 
cameras 

IR-devices  use  mainly  quantum  or  thermal  detec¬ 
tors  and  provide  photo  currents  as  output  signals, 
which  are  correlated  to  the  intensity  of  the  emitted 
light.  A  principal  set-up  is  shown  in  Fig.  2. 
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target  field  stop  lens  filter  detector  amplifier 


Figure  2.  Main  components  of  an  IR-device 

4.1  Aperture  and  field  stops 

Any  element,  be  it  the  rim  of  a  lens  or  a  separate 
diaphragm,  which  determines  the  amount  of  light 
passing  it,  is  called  an  aperture  stop.  At  the  same 
time  it  prevents  the  light  emitted  from  foreign  ob¬ 
jects  from  entering  the  pyrometer.  However  highly 
oblique  rays  can  still  enter  a  system  of  this  sort. 
Further  improvement  can  be  reached  using  a  field 
stop,  which  determines  the  field  of  view  of  the  in¬ 
strument. 

The  spectral  response  of  an  IR-device  is  deter¬ 
mined  by  the  spectral  behaviour  of  all  its  optical 
and  opto-electronic  components,  i.e.  the  spectral 
transmittance  of  the  medium,  optical  lenses,  optical 
filters  and  the  spectral  response  of  the  radiation 
detector. 

4.2  Absorption  of  thermal  radiation  by  the  at¬ 
mosphere 

The  atmosphere  between  the  radiation  source  and 
the  detector  can  partly  absorb  the  emitted  light  and 
cause  perturbations  in  temperature  measurement. 
The  transmission  of  optical  radiation  by  the  atmos¬ 
phere  depends  mainly  on  two  phenomena:  self¬ 
absorption  by  the  gas  species  and  deflection  due  to 
scattering  of  the  light  by  particles  in  the  gas  atmos¬ 
phere. 


Figure  3  shows  the  transmission  spectrum  of  the 
air  atmosphere  for  the  given  distance  under  well- 
defined  weather  conditions  [2].  Since  the  thermal 
radiation  at  temperatures  up  to  3000°C  mainly  oc¬ 
curs  in  the  near  and  middle  infrared  spectral  range, 
the  transmittance  xu  of  atmospheric  air  in  this  re¬ 
gion  is  important  for  IR-measurements.  Water  va¬ 
pour  in  air  has  strong  absorption  bands  in  the 
infrared  spectrum.  The  main  absorption  bands  due 
to  water  vapour  lie  at  about  2.6  pm  and  between 
5.5  pm  and  7.5  pm.  This  fact  has  to  be  considered 
in  the  frame  of  the  characterization  of  spectral  pro¬ 
perties  of  a  IR-devices.  Compared  to  water  vapour, 
the  absorption  of  infrared  radiation  due  to  carbon 
dioxide  (C02)  is  weaker.  Other  species  in  atmos¬ 
pheric  air  have  negligible  influence  on  the  trans¬ 
mission  of  the  air  for  infrared  radiation. 


Atmospheric  transmission 

Distance,  2.00  km.  Precipitation,  25.20  mm. 

Temp.  20  deg  C.  Rcl.  humidity,  70%.  Visibility,  15  km. 


Figure  3.  Spectral  transmittance  of  air  atmos¬ 
phere  [2] 

4.3  Optical  glasses  and  filters 

Beside  its  optical  properties  the  physical  character¬ 
istics  of  an  optical  system  are  to  be  taken  into  ac¬ 
count  for  its  specification.  The  manufacturing  and 
optical  polishing  of  glasses  is  only  possible  above  a 
certain  hardness.  Another  important  factor  is  the 
matching  of  optical  glasses  and  their  support  sys- 
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terns  in  terms  of  their  thermal  expansion  behaviour. 
Additionally  their  resistance  to  physical  abrasion 
and  chemical  corrosion  must  be  high. 

Most  optical  glasses  are  not  transparent  beyond 
about  3  pm  because  of  strong  absorption  by  OH- 
ions.  Fused  quartz  or  fused  silica  glasses  transmit 
satisfactorily  up  to  5  pm.  Absorption  above  this 
limit  is  caused  due  to  the  vibration  of  the  Si-0 
band.  During  the  fabrication  of  glasses  particular 
care  is  necessary  to  avoid  any  water  diffusion  into 
the  glass,  since,  as  previously  shown,  water  vapour 
has  strong  absorption  lines  in  this  spectral  range. 
Some  special  glasses,  due  to  their  material  proper¬ 
ties  or  fabrication  processes  can  transmit  in  a  much 
broader  spectrum  (Fig.  4). 


absorb  the  light  at  wavelengths  beyond  a  certain 
wavelength.  High  pass  filters  are  transparent  only 
at  wavelengths  beyond  a  certain  limit.  Band-pass 
filters  can  be  considered  as  a  combination  of  both 
these  filters  and  transmit  only  in  a  defined  wave¬ 
length  interval.  High  selectivity  can  be  achieved  by 
means  of  interference  filters.  These  filters  consist 
of  a  transparent  material  with  a  multilayer  surface 
coating.  To  achieve  strong  interference  between  in¬ 
cident  and  reflected  waves,  high  reflectivity  at  the 
interface  is  required.  Multilayer  surface  coating  of 
alternate  films  with  high  and  low  refraction  indices 
(mostly  metal  -  dielectric-metal  films)  provide  high 
and  selective  reflectance. 

4.4  Detectors 


A  radiation  detector  transforms  electromagnetic  ra¬ 
diation  into  an  electrical  signal.  There  are  two  basic 
types  of  detector:  thermal  detectors  and  quantum 
detectors. 

4.4.1  Thermal  detectors 


Figure  4.  Transmittance  of  different  optical 
glasses 

The  transmittance  of  glasses  with  highly  reflective 
surfaces  can  be  improved  by  the  deposition  of  an 
anti-reflective  thin  film.  Using  multilayer  anti-re¬ 
flective  coatings  the  reflectance  can  be  reduced 
(i.e.  the  transmittance  can  be  increased  over  a 
wider  spectral  range). 

Depending  on  the  spectral  properties  of  the  detec¬ 
tor,  different  types  of  filters  can  be  used,  in  order  to 
provide  well-defined  spectral  intervals  of  the  radia¬ 
tive  beam  reaching  the  detector.  Low  pass  filters 


Thermal  detectors  change  their  energy  level,  i.e. 
temperature,  due  to  absorption  of  the  incident  ra¬ 
diation  flux.  These  do  not  respond  to  photons  but  to 
radiant  flux.  The  output  signal  of  the  detector  is 
proportional  to  the  temperature  change  and  is  inde¬ 
pendent  of  the  wavelength. 

Bolometers  are  thermal  detectors  in  which  the  inci¬ 
dent  radiation  produces  a  change  in  the  tempera¬ 
ture,  i.e.  in  resistance  of  the  sensitive  surface  (Fig. 
5)  [3].  Due  to  the  constant  voltage  across  the  bo¬ 
lometer  surface  this  resistance  change  leads  to  a 
current  change.  Compared  to  quantum  detectors  the 
response  time  of  bolometers  is  remarkably  longer 
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(several  milliseconds).  Metals  or  semiconductors 
are  used  as  bolometer  materials.  The  fact  that  bo¬ 


lometers  can  be  used  without  detector  cooling 


makes  them  very  interesting  for  several  applica¬ 
tions. 


IR  Energy 


Amplifier/Filter  1C 


Figure  5.  Bolometer  detector  [3] 

Thermopiles  consisting  of  several  thermocouples, 
which  are  connected  in  series,  are  also  used  in  IR- 
devices.  As  it  is  known,  heating  of  one  junction  of 
a  thermocouple  compared  to  other  one  produces  a 
voltage  across  the  thermoelement.  The  multijunc¬ 
tion  of  thermopiles  allows  to  achieve  sufficient 
signal  even  at  low  heating  rates.  Thermopiles  do 
not  need  energy  input  and  therefore  find  applica¬ 
tion  in  IR-systems  of  satellites. 

Pneumatic  thermal  detectors  use  the  effect  of  pres¬ 
sure  change  in  a  gas  chamber  due  to  radiation 
heating.  Two  chambers  are  separated  by  a  mem¬ 
brane  and  have  a  capillary  connection  for  pressure 
equilibrium.  The  radiance  absorption  through  a 
sensitive  element  in  the  first  chamber  causes  a 
pressure  increase,  i.e.  deformation  of  the  mem¬ 
brane.  It  changes  electrostatic  capacitance  of  a  con¬ 
denser,  which  use  the  membrane  as  one  of  the  elec¬ 


trodes.  Some  pneumatic  detectors  use  optical  inter¬ 
ference  method  instead  of  condenser  technique. 

4.4.2  Quantum  detectors 

Quantum  detectors  measure  the  direct  excitation  of 
electrons  to  conduction  states  by  incident  photons 
and  are  also  called  photo-electric  detectors.  There 
are  different  types  of  photo-electric  detectors. 

Photo  emissive  detectors  consist  of  a  metal  photo 
cathode  at  a  negative  voltage  and  an  anode  at  a 
positive  voltage  level.  Both  electrodes  are  inte¬ 
grated  in  an  evacuated  glass  tube.  If  the  energy  of 
incident  photons  is  higher  than  the  electron  band 
energy,  they  leave  the  cathode  and  accelerate  to  the 
anode  in  the  vacuum  and  create  a  current.  The 
spectral  sensitivity  of  these  detectors  depends  on 
the  optical  properties  of  the  photo  cathode.  Some 
photo  emissive  detectors,  so-called  photo  multipli¬ 
ers,  consist  of  a  set  of  electrodes  (dynodes),  each  of 
them  held  at  a  different  potential.  Each  electron 
colliding  with  a  dynode  produces  new  electrons, 
which  accelerates  to  the  next  dynode  like  a  chain 
reaction  and  a  large  number  of  electrons  reach  the 
anode.  Photo  emissive  detectors  are  sensitive  in  the 
ultraviolet,  the  visible  and  the  near  infrared  spectra. 

The  second  group  of  quantum  detectors  is  based  on 
the  change  of  the  conductivity  of  the  detector  by 
absorbing  photons.  In  some  materials,  like  semi¬ 
conductors,  electrons  excited  by  the  photons  do  not 
leave  the  material  but  jump  to  another  energy  level. 
At  absolute  zero  temperature,  electrons  occupy  the 
lowest  energy  levels  in  a  band  called  the  valence 
band  (Fig.  6).  When  the  electrons  absorb  sufficient 
energy  they  can  jump  to  the  highly  energetic  con- 
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ductive  band  after  passing  the  forbidden  Fermi 
level.  This  process  is  coupled  with  current  creation 
between  those  two  regions  of  the  material.  The 
difference  between  the  conduction  band  energy  and 
valence  band  energy  is  called  the  activation  energy. 
If  the  activation  energy  of  the  material  is  smaller 
than  the  energy  hv  of  the  incident  photon, 
sufficient  electrons  can  cross  the  forbidden  band 
and  the  material  becomes  conductive.  These  types 
of  materials  are  called  intrinsic  semiconductors 
(PbS,  InSb,  HgCdTe,  etc.).  The  conductivity  of  a 
semiconductor  can  be  increased  by  doping  some 
foreign  particles  with  different  valence  levels.  The 
application  of  photo  conductive  detectors  is  re¬ 
stricted  by  the  recombination  noise  due  to  the  elec¬ 
tron-hole  pairs  by  absorption  of  radiation. 


cooled 


Figure  6.  Photoconductive  detector. 

In  the  case  of  photovoltaic  detectors,  the  photon 
absorption  changes  the  potential  distribution  in  the 
junction  area  of  an  inhomogeneous  semiconductor. 
The  local  change  of  the  electrical  field  E  due  to  the 
junction  distorts  the  conduction  and  valence  bands 
between  the  n  and  p  regions.  The  absorption  of 
photons,  with  sufficient  energy,  release  some  elec¬ 
trons  and  holes  which  then  diffuse  across  the  junc¬ 
tion  under  the  influence  of  the  field  E  and  create  a 
current.  Photo-electric  detectors  behave  as  energy 
generators  and  can  produce  signals  even  in  the  ab¬ 
sence  of  bias.  Photo  voltaic  detectors  have  a  faster 


response  than  photo  conductive  detectors.  The  pho¬ 
to  voltaic  effect  is  widely  used  in  photo  diodes, 
photo  transistors  and  infrared  detectors  such  as 
InAs,  InSb  and  TeCdMg.  These  types  of  detectors 
have  a  lower  noise  level  than  photo  conductors. 
The  diffusion  of  electrons  and  holes  prevents  re¬ 
combination. 

4.4.3  Detector  cooling 

The  main  advantage  of  thermal  detectors  is  their 
operation  without  active  cooling.  Depending  on  the 
application  this  aspect  could  be  essential.  In  con¬ 
trary  quantum  detectors  has  to  be  cooled  to  achieve 
a  good  signal  to  noise  ratio.  Each  detector  has  a 
permanent  noise  level  resulting  from  the  thermal 
vibrations  and  the  particle  nature  of  light  and  elec¬ 
tricity.  The  signal  power  equal  to  the  noise  power 
of  the  detector  is  called  the  noise  equivalent  power 
(NEP).  It  strongly  depends  on  the  temperature.  The 
detectivity  of  a  detector  D  is  inversely  proportional 
to  the  NEP.  Figure  7  shows  the  detectivity  of  some 
detectors  at  different  temperature  levels.  By  re¬ 
ducing  the  temperature  from  295  K  to  193  K  or 
77  K,  the  noise  level  can  be  decreased,  i.e.  the  de¬ 
tectivity  can  be  improved. 


Figure  7.  Spectral  detectivity  of  different  de¬ 
tectors  [4] 
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Depending  on  the  required  temperature  level,  dif¬ 
ferent  types  of  systems  can  be  used  for  detector 
cooling:  Liquefied  gas,  Joule-Thomson  expansion, 
cryogenic  machines  and  thermoelectric  techniques. 
Liquid  nitrogen  keeps  the  temperature  constant  at 
77  K  and  is  widely  used  in  IR-thermography.  The 
Joule-Thomson  effect  is  used  for  cooling  to  tem¬ 
peratures  below  about  150  K  [2].  The  thermoelec¬ 
tric  technique  is  applied  in  a  temperature  range  be¬ 
tween  160  K  and  320  K.  The  Peltier  thermoelectric 
effect  is  the  result  of  the  absorption  or  release  of 
heat  at  the  junction  of  two  different  metals  with  an 
electrical  current  flowing  across  it.  In  practical  ap¬ 
plications,  a  side  from  the  Peltier  effect,  the  ther¬ 
mal  conductivity  of  metals  and  Joule  heating  of 
conductors,  which  are  proportional  to  the  resistance 
of  the  metals  have  to  be  taken  into  account. 

5.  Pyrometer  technique 

Because  of  their  relatively  easier  imaging  and  sig¬ 
nal  processing  compared  to  IR-cameras  pyrometers 
find  a  broad  application  in  the  measurement  of 
local  temperatures  on  objects.  Spectral  pyrometers 
and  total  radiation  pyrometers  have  nearly  the  same 
set-up,  except  for  different  characteristics  of  the 
filter  and  detector.  A  typical  pyrometer  set-up  is 
shown  in  Fig.  8.  The  spectral  transmittance  of  the 
filter  and  the  spectral  detector  response  have  to 
match  in  the  chosen  wavelength  interval. 


into  account.  The  radiation  intensity  decreases  ac¬ 
cording  to  the  transmittance  of  surrounding  media 
xM ,  lenses  x0 ,  filter  xF  or  stop  xG  before  reaching 
the  detector. 


target  field  stop  lens  filter  detector  amplifier 


Figure  8.  Set-up  of  a  spectral  pyrometer 


Figure  9.  Beam  path  of  a  spectral  pyrometer 


If  we  neglect  multiple  reflections,  the  temperature 
dependence  of  the  reflectance  and  transmittance  of 
the  components,  the  total  radiance  can  then  be  ex¬ 
pressed  by: 


4, 

XM-(i+**M)+ 

'  lXe(x,te)  {i+r(kt)+rM_ 


(19) 


In  general,  the  radiance  emitted  by  the  radiation 
source  can  arrive  at  the  detector  directly  or  along 
other  paths  due  to  reflection  from  foreign  objects 
(. Rk )  (Fig.  9).  In  addition  the  radiance  of  some 
other  light  sources  or  daylight  L}  f  has  to  be  taken 


or  it  can  be  written  in  another  form: 
(^)‘  xf (^)‘  tg 

■[4^.r)+4 (x,r£)] 


where 


(20) 
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4,  (4r)=4(4r).(i +  *,(*,)) 

4,  4.4)= 4,  (44).  (1  +  R{X,T)+Rk  (x)). 

The  spectral  radiance  of  the  radiation  source 
4(47’)  and  foreign  light  sources  Lh:  (X,  Tr )  are  de¬ 
fined  by  the  eq.  (14)  and  (16). 

The  effective  radiance  at  the  detector  surface  is: 

^2 

i  ■  (21) 

■[lXp{x,t)+lk{x,tf)]jx 

The  detector  itself  is  characterized  by  its  spectral 
detectivity  D(X,Td).  Since  its  temperature  is  usu¬ 
ally  kept  at  a  constant  level,  the  temperature  de¬ 
pendence  can  be  neglected. 

The  signal  of  the  detector  I D  is: 

4  =  Jtg '  (^)‘ To(4‘ (^) 

X,  .  (22) 

■[LK(X,T)+LK(X,TE)}D(X)dX 

In  practical  applications,  it  is  very  difficult  to  de¬ 
scribe  all  parameters  as  a  function  of  wavelength 
analytically. 

The  most  efficient  way  to  overcome  this  problem  is 
to  use  the  linear  range  of  a  detector,  where  the  out¬ 
put  signal  current  is  proportional  to  the  incident 
light  intensity.  After  accounting  for  the  optical 
system  of  the  pyrometer,  the  current  and  radiance 
ratios  can  be  equated  as  follows: 


Since  spectral  pyrometers  use  a  narrow  wavelength 
interval,  one  can  write  using  Planck's  equation: 


[02 


-1 


(24) 


where  Xx2  is  the  "mean  effective  wavelength"  of 
the  system  relating  to  temperatures  Tx  and  T2  of  a 
black  body.  The  temperature  T2  can  be  expressed 
as  follows: 


(25) 


The  data  /D  and  7J  are  determined  by  measuring 
the  photo  current  of  the  detector  =Ical  at  a 
black  body  of  known  temperature  of  Ti  =  Tcai  as  a 
reference  point.  Using  eq.  (25)  for  any  measured 
current  level  the  corresponding  surface  temperature 
T2-T  can  be  calculated,  if  Xx  2  is  known. 


The  "mean  effective  wavelength"  Xx2  can  be  de¬ 
termined  by  means  of  any  pair  of  two  temperatures 
[4],  Since  Xx2  varies  slightly  with  temperature 

(4.2  (4)  some  iterative  measurements  and  calcula¬ 
tions  are  required. 


For  a  real  radiation  source  the  temperature  of  the 
surface  can  be  calculated  using  the  modified  form 
of  the  eq.  (25): 


T  =  - 


c2  /4,2 


ln\ 


^  4a/  ^2  'TV, 


(26) 


(23) 
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where  s  and  x,  are  the  emission  coefficient  of  the 
surface  and  the  correction  of  the  transmittance  of 
the  media  between  the  source  and  detector,  respec¬ 
tively.  In  practical  application  the  calibration  of 
pyrometers  as  well  as  IR-cameras  is  performed 
using  a  more  straightforward  procedure,  which  will 
be  explained  later. 

The  emissivity  of  a  surface  depends  on  its  tem¬ 
perature  and  wavelength,  as  well  as  on  its  rough¬ 
ness  and  state  of  oxidation.  This  fact  makes  it  diffi¬ 
cult  to  specify  the  emission  coefficient  of  a  surface 
accurately.  One  method  of  resolving  this  problem  is 
the  two  colour  pyrometry.  The  basic  idea  is  that,  if 
the  emissivity  is  not  wavelength  dependent,  then 
taking  a  ratio  of  radiation  intensities  at  two  differ¬ 
ent  wavelengths  should  eliminate  the  emissivity. 
Therefore  the  two  colour  technique  is  also  called 
the  intensity  ratio  method.  A  detailed  description  of 
two  colour  pyrometry  is  given  in  different  docu¬ 
ments  [1,6]. 

6.  ER-thermography 

As  it  is  mentioned  before  pyrometers  are  used  only 
for  the  measurement  of  the  local  temperature  of 
object  surfaces.  In  order  to  measure  the  tempera¬ 
ture  distribution  of  the  whole  surface,  IR-cameras 
with  more  complicated  set-up  are  necessary.  For 
both  pyrometers  and  IR-cameras  the  same  basic 
relations  and  calibration  techniques  are  applied  for 
the  determination  of  the  surface  temperature  from 
the  measured  thermal  radiance.  Therefore  all  basic 
equations  (eqs.  (1)  -  (26))  are  also  valid  for  IR- 


6.1  Scanning  and  imaging 

The  thermal  radiance  of  each  point  of  the  target  has 
to  reach  the  surface  of  the  IR-detector.  The  scan¬ 
ning  and  imaging  are  performed  using  two  different 
basic  techniques:  Image  scanning  technique  and 
focal  plane  array  (FPA)  technique. 

6.1.1  Image  scanning  IR-cameras 

Image  scanning  IR-cameras  have  a  single  detector. 
Using  opto-mechanical  scanners  the  radiance  inten¬ 
sity  of  each  object  surface  point  is  detected  succes¬ 
sively  (Fig.  10).  To  achieve  a  high  image  frequency 
(50-60  Hz)  the  scanning  has  to  be  fast.  Since  the 
accuracy  of  the  temperature  measurement  and  the 
image  quality  are  very  essential,  the  detector  prop¬ 
erties  have  to  meet  the  requirements  of  high  scan¬ 
ning  speed.  Therefore  mainly  quantum  detectors 
with  a  response  time  of  several  microseconds  are 
used  in  image  scanning  IR-cameras.  But  high  fre¬ 
quency  imaging  reduces  the  radiance  intensity  on 
the  detector.  Especially  at  low  signal  intensity  the 
noise  level  of  detectors  has  an  strong  influence  on 
the  measurement  accuracy.  Quantum  detectors 
have  a  permanent  noise  level,  which  depends  on 
the  detector  temperature.  A  negative  influence  of 
the  detector  noise  on  the  accuracy  of  the  measure¬ 
ment  can  only  be  avoided  by  detector  cooling. 


cameras. 
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Usually  spinning  mirrors  or  refracting  prisms  are 
used  for  scanning.  The  inertia  of  these  components, 
light  aberration  and  the  geometrical  continuity  of 
the  image  are  key  parameters  of  the  scanner  com¬ 
ponents.  The  line  scanning  technique,  which  has  a 
fast  horizontal  pixel  by  pixel  scanning,  finds  appli¬ 
cation  in  most  of  the  scanning  cameras.  An  IR- 
frame  is  created  by  slower  line  scanning  in  vertical 
direction,  which  is  usually  performed  at  lower 
speed. 

The  detector  provides  an  electrical  signal  corre¬ 
sponding  to  the  infrared  image.  If  the  IR-camera 
use  the  linear  range  of  the  detector,  this  analogue 
video  signal  in  the  form  of  voltage  or  current  is 
proportional  to  the  radiance  of  the  object  within  the 
spectral  range  of  the  IR-equipment.  To  yield  the 
radiance  intensity  distribution  at  each  pixel,  syn¬ 
chronisation  of  the  scanning  with  the  radiation 
beam  is  necessary.  Therefore  the  deflection  of  the 
scanner  mirrors  or  prisms  is  measured  by  position 
sensors.  These  sensors  deliver  signals,  which  mark 
the  begin  of  lines  of  the  frame.  The  synchronisation 
signals  can  be  transmitted  to  the  signal  processor 


separately  or  in  multiplex  form.  The  corresponding 
temperature  to  each  radiance  intensity  of  each  pixel 
is  deduced  using  calibration  curves,  which  are  cre¬ 
ated  experimentally  (Fig.  11). 


Figure  11.  Signal  processing  of  an  IR-camera 

The  analogue  output  signal  of  the  IR-camera  is 
comparable  with  the  television  signal  and  can  be 
monitored  easily.  The  signal  can  be  divided  into 
steps  corresponding  to  different  temperature  levels, 
which  are  marked  on  the  screen. 

For  further  analysis  of  the  large  data  field  the  dig¬ 
itisation  of  the  data  is  necessary.  Fast  analogue/ 
digital  converters  with  a  resolution  between  8  Bits 
and  14  Bits  are  used  for  this  process.  The  digitised 
data  with  a  well  described  structure  allows  a 
flexible  analysis  and  correction  of  the  data  with 
respect  to  emissivity,  transmittance,  etc.  easily. 

6.1.2  Focal  Plane  Array  (FPA)  IR-cameras 

Each  moving  component  of  devices  has  a  limited 
life  duration  and  is  sensitive  to  misalignment.  To 
overcome  such  problems  focal  plane  array  (FPA) 
detectors  have  been  developed  recently.  Compara¬ 
ble  to  CCD-chips  of  video  cameras  FPA  detectors 
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consist  of  several  thousands  of  small  detector  ele¬ 
ments  (for  example  320  pixel  per  each  of  the  240 
lines).  The  thermal  radiance  distribution  of  the  ob¬ 
ject  is  detected  simultaneously.  Each  detector  ele¬ 
ment  has  to  be  compensated  individually  to  gain  a 
high  image  quality.  Most  of  the  FPA  IR-cameras 
use  quantum  detectors,  which  require  active  cool¬ 
ing,  in  order  to  keep  the  noise  level  low.  Stirling 
cycle  cooling  consisting  of  two  moving  pistons  and 
a  regenerator  is  usually  used  in  recent  develop¬ 
ments. 

Last  year  AGEMA  (now  Flir  Systems)  developed  a 
new  type  of  FPA-camera.  The  detector  consists  of 
76800  microbolometers  made  of  Si-elements  coat¬ 
ed  with  a  VOx  thermal  resistance  layer.  As  we  have 
seen  before  bolometers  are  thermal  detectors  and 
are  operated  without  cooling.  But  besides  the  ther¬ 
mal  radiance  of  the  target,  the  radiation  of  compo¬ 
nents  inside  the  camera  may  be  detected  by  the 
uncooled  detector  arrays,  which  can  influence  the 
measurement  accuracy.  Therefore  the  inside  case 
temperature  is  measured  at  several  locations  and  is 
used  in  the  automatic  re-calibration  of  the  camera 
at  defined  time  intervals.  In  addition  to  avoid  any 
convective  heat  transfer  to  the  detector  elements, 
they  are  placed  in  a  vacuum  chamber  and  their  tem¬ 
perature  is  kept  close  to  the  ambient  temperature 
using  Peltier  elements.  Even  when  the  response 
time  of  bolometers  is  remarkably  longer  than  quan¬ 
tum  detectors,  an  image  frequency  of  60  Hz  is 
achievable  with  this  system.  The  absence  of  mov¬ 
ing  parts  makes  the  operation  of  the  Thermovision 
570  S  IR-camera  of  AGEMA  more  comfortable  and 
safely.  Although  bolometers  are  not  selective  with 
respect  to  the  spectral  range,  using  optical  filters 


this  camera  is  optimised  for  a  spectral  range  of 
7.5-13  pm. 

7.  Calibration  of  pyrometers  and  IR-cameras 

Since  the  radiance  of  a  black  body  is  independent 
from  the  surface  roughness,  the  angle  of  incidence, 
etc.  (  e  =  1 ),  black  body  sources  are  one  of  the  com¬ 
mon  calibration  devices.  One  method  for  realisa¬ 
tion  of  a  black  body  is  to  develop  a  perfect  absor¬ 
ber  by  means  of  some  special  treatments  and  sur¬ 
face  painting.  But  this  method  is  limited  in  the  ac¬ 
curacy  and  temperature  range.  A  second  and  widely 
used  method  is  to  use  a  cavity  with  a  very  small 
hole  compared  to  the  surface  area  of  the  cavity. 
Due  to  the  multiple  reflection  of  radiation  beams 
inside  the  cavity,  thermal  equilibrium  is  reached  af¬ 
ter  a  certain  time  depending  on  the  cavity  wall  tem¬ 
perature.  Mostly  electrical  heating  technique  is 
used  to  set  different  temperature  levels  in  the  cavi¬ 
ty.  Tungsten  ribbon  lamps  consisting  of  an  electri¬ 
cally  heated  tungsten  strip  in  a  glass  tube,  are  also 
used  for  the  calibration  of  pyrometers  and  IR-cam- 
eras  for  the  wavelength  range  up  to  2  pm. 

As  it  can  be  seen  in  eq.  (22)  the  output  signal  of  the 
detector  of  an  IR-device  is  a  complex  function  of 
the  spectral  properties  of  the  detector  and  other  op¬ 
tical  components.  Since  an  analytical  description  of 
this  function  is  very  difficult,  the  relation  between 
the  output  signal  and  thermal  radiance  is  deter¬ 
mined  by  calibration  data.  The  output  current  of  the 
detector  can  be  approximated  by  the  equation: 
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The  black  body  calibration  source  is  heated  to  dif¬ 
ferent  temperature  levels  and  corresponding  output 
signals  (current  or  voltage)  are  registered.  From  the 
so  obtained  couples  (Tjt  I,)  the  validation  parame¬ 
ters  a  and  b  are  calculated  using  the  method  of  least 
squares  approximation.  In  order  to  correct  the  in¬ 
fluence  of  the  thermal  drift,  which  may  be  caused 
due  to  the  heating  of  electrical  circuits  and  me¬ 
chanical  components  of  the  camera  or  change  in  the 
ambient  temperature,  these  temperatures  have  to  be 
recorded  during  the  calibration. 

S.  Requirements  on  an  IR-system  at  high  en¬ 
thalpy  facilities 

The  choice  of  an  IR-camera  or  pyrometer  for  the 
application  at  high  enthalpy  facilities  has  different 
priorities  depending  on  the  test  duration  of  the  fa¬ 
cility.  The  response  time  of  the  IR-system  is  essen¬ 
tial  for  shock  tunnels  or  impulse  facilities.  Because 
of  the  short  test  duration  of  several  milliseconds 
only  quantum  detectors  can  be  used  for  the  IR-ap- 
plication  at  these  facilities.  Even  the  IR-cameras 
with  quantum  detectors  are  limited  with  the  imag¬ 
ing  frequency  of  50-60  Hz.  Therefore  the  use  of  IR- 
cameras  at  short  duration  facilities  is  only  possible 
by  the  modification  of  the  system  for  each  special 
case.  Because  of  their  faster  response  time  some 
pyrometers  are  more  convenient  for  this  applica¬ 
tion. 

At  arc  jet  and  induction  heated  facilities  with  long 
test  duration  of  several  minutes  other  aspects  be¬ 
come  more  important.  Since  these  facilities  are 
mainly  used  for  the  qualification  of  thermal  protec¬ 
tion  system  (TPS)  components,  surface  tempera¬ 
tures  up  to  3000  °C  are  achieved.  At  such  high  tem¬ 


peratures  gas  and  solid  particles  with  very  different 
spectral  properties  can  be  formed  around  the  test 
model.  Especially  the  deposition  of  solid  particles 
on  the  optical  windows  may  change  their  transmit¬ 
tance  in  some  spectral  ranges  remarkably.  These 
phenomena  influence  also  the  surface  emittance  of 
the  model.  In  the  transition  phase  of  an  oxidation 
process  on  the  model  surface  the  emissivity  may 
change  significantly  and  lead  to  problems  in  the 
measurement  accuracy  of  the  surface  temperature 
by  a  pyrometer  and  an  IR-camera. 

The  operation  of  arc  jet  and  induction  heated  facili¬ 
ties  is  coupled  to  high  voltage,  high  current  and 
strong  electromagnetic  fields.  Besides  its  possible 
influence  on  the  measurement  device,  such  envi¬ 
ronments  require  special  care  concerning  the  safety 
of  the  facility  operation  team.  Therefore  a  flexible 
remote  control  of  the  IR-systems  in  long  duration 
high  enthalpy  facilities  is  very  important. 

Based  on  the  facts  mentioned  above  the  specifica¬ 
tion  of  an  IR-camera  or  a  pyrometer  for  high  tem¬ 
perature  measurements  could  be  performed  ac¬ 
cording  to  following  aspects: 

•  Detector  properties 

The  differentiation  of  the  Planck’s  relation  (eq. 
(13))  leads  to  the  so-called  Wien’s  law: 

2898 

*-max  =  ~  [pm].  (28) 

This  relation  states  that  the  maximum  of  the  spec¬ 
tral  radiance  moves  to  shorter  wavelengths  as  the 
temperature  increases  (Fig.  12). 
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Figure  12.  Black  body  spectrum  at  different 
temperatures  [7] 


According  to  Wien’s  law  the  maximum  spectral 
radiance  at  a  surface  temperature  of  290  K  is 
around  10  pm.  At  high  surface  temperatures  around 
2800  K  a  detector  with  a  spectral  range  around 
1  pm  would  provide  the  maximum  output  signal. 
At  that  point  two  main  properties  of  the  detector 
are  important.  The  first  one  is  the  sensitivity  (£), 
which  is  defined  by  the  relation  between  the  output 
signal  and  incident  radiance  flux.  The  minimum  de¬ 
tectable  radiance  energy,  which  is  equivalent  to  the 
noise  level  of  the  detector,  is  called  the  noise  equi¬ 
valent  power  (NEP).  The  detector  detectivity  ( D )  is 
the  reverse  value  of  NEP  ( D  =  1/NEP).  Both  sensi¬ 
tivity  and  detectivity  of  the  sensor  should  have  a 
high  value  in  the  chosen  spectral  range.  Material 
properties,  coating  and  the  cooling  of  the  detector 
define  S  and  D. 

•  Thermal  and  spatial  resolution  of  the  IR- 
system 

The  thermal  resolution  is  the  minimum  detectable 
difference  between  the  temperatures  of  different 
object  elements  or  between  the  object  and  its  envi¬ 


ronment.  The  spatial  resolution  is  the  smallest  dis¬ 
tance  between  two  detectable  neighbour  object  ele¬ 
ments.  It  is  usually  defined  by  the  elementary  solid 
angle  of  the  system,  which  results  from  the  combi¬ 
nation  of  different  factors  like  transfer  functions  of 
the  optics,  electronics  and  visualization  system. 
Both  thermal  and  spatial  resolution  of  an  IR-system 
should  be  as  small  as  possible. 

•  Transmittance  of  optical  components 

The  spectral  property  of  optical  lenses  and  filters 
combined  with  the  detector  behaviour  define  the 
complete  spectral  range  of  an  IR-camera  or  a  py¬ 
rometer.  As  defined  in  the  chapter  4.3  most  of  the 
optical  glasses  with  OH-ions  have  a  very  low  trans¬ 
mittance  beyond  3  pm.  Because  of  its  several  ab¬ 
sorption  lines  around  in  the  spectral  range  of  1-8 
pm  any  water  diffusion  into  the  optical  glasses  has 
to  be  avoided.  In  the  spectral  range  between  7.5-14 
pm  special  glasses  with  anti-reflective  films  have 
to  be  used. 

•  Transmittance  of  the  atmosphere 

As  it  is  described  in  the  chapter  4.2  the  atmosphere 
inside  and  outside  the  test  chamber  have  to  be  con¬ 
sidered  by  the  specification  of  the  spectral  range  of 
the  camera. 

•  Radiance  of  foreign  surfaces 

In  the  case  of  any  other  facility  component  with  a 
significant  thermal  radiance  in  the  chosen  spectral 
range,  the  measurement  accuracy  can  be  influenced 
by  this  foreign  radiance  source.  A  proper  choice  of 
the  spectral  range,  objective  angle  and  placement 
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of  the  camera  could  allow  to  overcome  this  pro¬ 
blem. 

•  Emissivity  of  the  model  surfaces 

The  spectral  emittance  of  different  materials  can 
vary  significantly.  Therefore  it  is  very  difficult  to 
cover  the  spectral  behaviour  of  all  materials  with 
one  IR-system.  Since  the  long  duration  high  en¬ 
thalpy  facilities  are  mainly  used  for  the  qualifica¬ 
tion  of  TPS-materials  the  spectral  emissivity  of 
these  materials  in  the  high  temperature  region 
could  be  used  in  the  specification  of  the  spectral 
range  of  the  IR-system. 

•  Safety  aspects 

As  mentioned  before  the  high  voltage-current  level 
and  strong  electromagnetic  fields  of  arc  jet  and  in¬ 
duction  heated  facilities  require  special  care  of  the 
personal  safety.  Therefore  a  flexible  remote  control 
of  the  IR-devices  is  an  important  aspect  for  the 
specification. 

9.  Application  different  of  pyrometers  and 
IR-cameras  at  LBK 

The  arc  heated  facility  LBK  consisting  of  two  test 
legs  L2K  and  L3K  has  been  playing  an  important 
role  in  the  qualification  and  testing  of  TPS  compo¬ 
nents  and  materials  in  the  frame  of  different  space 
programmes  like  Hermes,  X-38,  etc.  The  test  facil¬ 
ity  L2K  with  a  maximum  electrical  power  of  1.4 
MW  is  equipped  with  a  Huels  type  arc  heater  and 
allows  to  achieve  cold  wall  heat  flux  rates  up  to  2 
MW/m2  at  stagnation  pressures  up  to  150  hPa.  The 
L3K  facility  has  a  segmented  arc  heater  with  a  6 
MW  power  supply.  Models  with  a  size  of  300  mm 


(W)  x  300  mm  (L)  x  50  mm  (H)  can  be  tested  in 
this  facility.  In  the  stagnation  point  configuration 
cold  wall  heat  flux  rates  up  to  4  MW/  m2  at  pres¬ 
sures  up  to  400  hPa  can  be  set  on  models  with  a 
diameter  of  150  mm.  A  detailed  description  of  the 
facility  can  be  found  in  several  documents  [8,9]. 

9.1  Measurement  configuration  of  IR-systems 
at  LBK 

Based  on  the  fact  that  mainly  high  surface  tem¬ 
peratures  from  500°C  up  to  2600°C  are  achieved  in 
LBK  and  specification  criteria  for  an  IR-system 
defined  in  the  chapter  8,  IR-devices  with  a  spectral 
range  in  the  near  IR-region  are  more  convenient  for 
this  facility.  The  temperature  measurement  using 
an  unique  pyrometer  or  IR-camera  in  a  wide  range 
between  the  room  temperature  and  temperatures  up 
to  3000°C  with  a  high  accuracy  is  very  difficult. 
Therefore  several  spectral  pyrometers  with  differ¬ 
ent  measurement  ranges  are  installed  at  LBK.  All 
these  pyrometers  have  a  spectral  range  around  1 
jam.  In  addition  to  spectral  pyrometers  two  two 
colour  pyrometers  with  a  measurement  range  of 
800-2000°C  and  900-3000°C  are  used  to  perform 
complementary  measurements  and  to  determine  the 
emissivity  of  materials  with  grey  surface  proper¬ 
ties.  Compared  to  a  pyrometer  the  hardware  and 
software  of  an  IR-camera  is  more  complicated  and 
expensive.  Therefore  the  type  and  variety  of  these 
systems  are  limited.  As  mentioned  before  the  safety 
of  the  facility  operation  team  of  LBK  is  a  very  im¬ 
portant  issue.  As  a  result  of  these  aspects  a  FPA- 
camera  with  an  uncooled  bolometer  detector  and 
remote  control  system  (AGEMA  TV  570  S)  has 
been  used  at  LBK.  The  spectral  range  of  the  cam¬ 
era  with  a  measurement  range  of  -20°C-2000°C  is 
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7.5-13  jam.  In  order  to  achieve  high  accuracy  the 
calibration  of  the  camera  has  been  performed  for 
three  different  measurement  ranges  (-20-120°C, 
80-500°C,  350-2000°C).  Figure  13  shows  the  ex¬ 
perimental  set-up  to  measure  the  model  surface 
temperature  in  LBK  using  pyrometers  and  IR-cam- 
era. 

As  shown  in  Fig.  13  the  front  surface  temperature 
of  the  stagnation  point  model  is  measured  with 
pyrometers  placed  outside  the  test  chamber  via  an 
optical  window.  The  measurement  of  the  rear  sur¬ 
face  temperature  is  also  important  to  investigate  the 
influence  of  the  flow  radiation  and  temperature  gra¬ 
dient  in  the  sample.  Thermocouples  integrated  in 
the  insulator  part  behind  the  sample  have  been  used 
to  measure  the  rear  surface  temperature.  But  at  high 
temperatures  beyond  1600°C  chemical  interactions 
between  particles  released  from  the  sample  rear 
surface  and  thermocouple  limit  reliable  temperature 
measurements.  Therefore  a  pyrometer  with  minia¬ 
turized  optics  was  developed  for  the  measurement 
of  sample  rear  surface  temperature  [10].  Since  the 
test  chamber  is  exposed  to  high  thermal  loads  at 
low  pressure  levels  the  pyrometer  is  placed  outside 
the  test  chamber  and  the  radiation  is  transferred  to 
the  pyrometer  via  a  fibre-optics  connection.  The 
miniaturized  optical  system  is  shown  in  the  Fig.  14. 
A  lens  with  a  focal  length  of  f  =  20  mm  is  used. 
The  distance  between  the  lens  and  the  sample  rear 
surface  is  about  70  mm.  A  protective  glass  is  used 
in  front  of  the  lens,  in  order  to  avoid  any  hazard  to 
the  lens  in  the  case  of  a  crack  in  the  sample  causing 
high  enthalpy  flow  into  the  system.  The  fibre-optics 
inside  the  test  chamber  have  a  metallic  coating  and 
is  applicable  at  temperatures  up  to  400°C. 


IR  camera 


Figure  13.  Experimental  set-up  of  pyrometers 
and  IR-camera  at  LBK 


Figure  14.  Miniaturized  pyrometer  optics  inte¬ 
grated  in  the  stagnation  point  model 
holder 

9.2  Comparative  temperature  measurements  in 
LBK 

Since  several  parameters  like  the  change  of  the 
emissivity  due  to  the  oxidation  processes  on  the 
model  surface,  modification  of  the  transmittance  of 
the  optical  windows  and  test  ambient  during  a  test 
in  LBK,  comparative  measurements  using  different 
pyrometers  and  an  IR-camera  is  very  important. 
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During  comparative  measurements  of  the  front  and 
rear  surface  temperatures  of  a  stagnation  point  mo¬ 
del  with  integrated  miniaturized  optics  several  tem¬ 
perature  levels  were  set  in  L2K.  The  surface  tem¬ 
perature  of  the  sample  was  varied  setting  different 
reservoir  flow  conditions  or  moving  the  sample 
holder  in  axial  direction  to  different  distances  from 
the  exit  of  a  conical  nozzle.  An  unexpected  behavi¬ 
our  between  surface  temperatures  measured  using 
the  miniaturized  pyrometer  (rear  surface)  and  the 
spectral  pyrometer  (front  surface)  were  noticed 
(Table  1).  The  measured  rear  surface  temperature 
is  higher  than  the  front  surface  temperature. 


front  surface 

front  surface 

rear  surface 
(VL  70/8) 

spectral 

pyrometer 

two  colour  pyrometer 

Tsi  [°C] 

[°C] 

[°C] 

1176 

1180 

1222 

1318 

1330 

1360 

1381 

1395 

1437 

Table  1.  Surface  temperatures  measured  on 
a  SiC  sample  in  L2K 

Because  of  some  heat  losses  from  the  sample  to  the 
fixing  SiC-shell  the  front  surface  temperature  has 
to  be  higher  than  the  rear  surface  temperature.  In 
radiation  equilibrium  the  heat  flux  to  the  sample 
can  be  described  as: 

j=E-<7-(2 (29) 

Here  a(=  7.56042  10  lt  j /(k‘ ■  m^T,  and  T,  are 
the  Stephan-Boltzmann  constant,  the  surface  tem¬ 
perature  and  the  temperature  of  the  environment. 


respectively.  Especially  the  ambient  temperature  in 
the  test  chamber  is  negligible  compared  to  the  sam¬ 
ple  surface  temperature  in  the  stagnation  point  con¬ 
figuration.  If  we  neglect  the  heat  loss  the  equation 
(29)  takes  the  form: 

q  *  e  •  cr  •  T* .  (30) 

The  differentiation  of  this  equation  leads  to  the  re¬ 
lation 


(31) 


Equation  (3 1 )  shows  that  a  temperature  change  of 
1%  causes  nearly  4%  change  in  the  equilibrium 
heat  flux  rate.  Similarly  an  error  in  the  temperature 
measurement  causes  about  a  four  times  higher  error 
in  the  heat  flux  determination. 

The  isolation  material  behind  the  sample  has  high 
and  different  temperature  levels  along  its  length 
and  causes  additional  radiation,  which  can  increase 
the  radiance  at  the  entrance  of  the  miniature  optics. 
Therefore  a  small  aperture  stop  was  installed  be¬ 
tween  the  lens  and  the  fibre-optics  and  the  inner 
surface  of  the  optics  tube  was  coated  with  a  black 
layer,  in  order  to  eliminate  the  influence  of  the  for¬ 
eign  illumination  and  reflected  light  on  the  results. 
After  the  new  calibration  of  the  pyrometer  with 
miniaturized  optics  using  a  black  body,  additional 
control  measurements  were  performed  in  the  L2K- 
facility.  A  significant  improvement  was  achieved 
due  to  this  modification  (Table  2). 
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front  surface 

rear  surface 
(VL  70/8) 

spectral 

pyrometer 

two  colour  pyrometer 

Tn  PC] 

U 

0 

Tql  PC] 

1059 

1055 

1062 

1115 

- 

1113 

1120 

- 

1120 

1225 

- 

1231 

1262 

- 

1263 

1306 

- 

1306 

1295 

1288 

1296 

Table  2.  Surface  temperatures  measured  on 
a  SiC  sample  in  L2K  with  modified 
miniaturized  optics  VL  70/8 


According  to  theoretical  estimations  and  some  ex¬ 
perimental  results  the  front  surface  temperature 
should  be  about  30-50°C  higher  than  the  rear  sur¬ 
face  temperature.  Further  investigations  are  neces¬ 
sary  to  achieve  higher  accuracy  of  the  temperature 
measurement  on  the  rear  surface  of  the  sample 
using  the  pyrometer  with  miniaturized  optics. 

9.3  Tests  to  investigate  the  influence  of  external 
windows  and  impurities 

Since  surface  temperature  measurements  using  py- 
rometry  are  mostly  performed  by  keeping  the  pyro¬ 
meter  outside  the  test  chamber  via  optical  win¬ 
dows,  the  radiance  of  the  model  surface  is  partly 
weaked  due  to  the  window.  The  type  and  geometry 
of  the  optical  glass  can  vary  depending  on  pyro¬ 
meter  characteristics  and  test  conditions  in  the  test 
chamber.  Therefore  it  is  more  convenient  to  con¬ 
sider  the  influence  of  the  window  during  control 
measurements  first  after  the  calibration.  It  avoids 


repeated  device  calibrations  in  the  case  of  the  re¬ 
placement  of  the  window.  Table  3  shows  the  influ¬ 
ence  of  a  quartz-glass  (suprasil)  with  a  thickness  of 
10  mm  on  the  temperature  measurements  on  a  SiC- 
sample  in  an  oven. 


spectral  pyrometer 

two  colour  pyrometer 

without 

window 

with 

window 

without 

window 

with 

window 

TS[°C] 

Ts[°  C] 

T'l°C) 

Tq  [°C] 

939 

932 

943 

942 

1016 

1009 

1024 

1023 

Table  3.  Measured  temperatures  of  a  black 
body  using  a  quartz  window 

During  the  influence  of  the  quartz  window  on  the 
temperature  measured  using  the  two  colour  pyro¬ 
meter  is  negligible,  this  window  causes  a  tempera¬ 
ture  decrease  of  about  0.7%  in  the  temperature  de¬ 
termined  with  a  spectral  pyrometer. 

Impurities  on  the  window  could  also  cause  some 
uncertainties  in  the  temperature  measurement.  Es¬ 
pecially  water  has  strong  absorption  bands  in  the 
infrared  spectrum.  A  water  droplet  with  a  diameter 
of  about  5  mm  was  placed  on  the  quartz  tube  in  the 
radiation  beam  range  and  surface  temperature  of  a 
SiC-sample  heated  in  an  oven  was  measured  with 
both  spectral  and  two  colour  pyrometers  via  this 
window.  The  results  are  listed  in  the  Table  4. 
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spectral  pyrometer 

two  colour  pyrometer 

dry 

window 

wet 

window 

dry 

window 

wet 

window 

TS[°C] 

Ts  l°C] 

Tg[°  C] 

T„  |°C] 

932 

926 

942 

942 

1009 

1003 

1023 

1023 

Table  4.  The  influence  of  a  water  droplet  on 
temperatures  measured  with  spec¬ 
tral  and  two  colour  pyrometers  via 
a  quartz  window 

Because  of  the  two  narrow  band  pass  filters  of  the 
two  colour  pyrometer  at  the  wavelengths  of  920  nm 
and  1040  nm  and  the  Constance  of  the  low  water 
absorption  at  these  two  wavelengths  no  tempera¬ 
ture  change  was  caused  due  to  the  water  droplet 
placed  on  the  quartz-window.  Same  water  droplet 
caused  a  temperature  decrease  of  about  0.6%  in  the 
temperatures  measured  with  a  spectral  pyrometer. 
The  reason  may  be  the  absorption  of  the  radiation 
due  to  water  in  a  relatively  broader  wavelength 
range  of  800-1 100  nm  of  the  spectral  pyrometer. 

9.4  Angle  dependence  of  temperature  measure¬ 
ments 

As  mentioned  before  the  geometry  of  the  heater 
and  the  test  chamber  of  high  enthalpy  facilities 
allow  to  perform  temperature  measurements  of  a 
model  in  the  stagnation  point  test  configuration  of 
high  enthalpy  facilities  only  under  some  angle  be¬ 
tween  the  axis  of  the  sample  holder  and  the  py¬ 
rometer  axis.  The  measurements  in  LBK-facilities 
are  performed  in  an  angle  range  of  between  30°  and 
60°.  To  investigate  the  influence  of  the  angle  on  the 
temperature  measurement  a  SiC-sample  was  heated 
in  the  DLR  solar  furnace,  which  allows  pyrometer 


measurements  in  a  wide  angle  range.  The  main 
components  of  this  15  kW  facility  are  a  plain  mir¬ 
ror  (heliostat)  and  a  large  concave  mirror  (concen¬ 
trator)  [11].  The  concentrated  solar  radiation  is 
deflected  to  the  test  room  located  off-side.  The 
concentrator  consists  of  various  concave  reflector 
elements  with  different  focal  lengths.  Energy  flux 
densities  up  to  2500  kW/m2  in  a  homogeneous  core 
with  a  diameter  of  80-120  mm  can  be  achieved  in 
this  facility.  Measurements  at  different  angles  (a) 
between  the  axis  of  the  sample  surface  exposed  to 
the  sun  beam  and  the  pyrometer  axis  were  per¬ 
formed.  Measured  temperatures  with  spectral  and 
two  colour  pyrometers  are  listed  in  Table  5. 

While  the  temperature  Ts  measured  with  the  spec¬ 
tral  pyrometer  showed  a  weak  dependence  on  the 
measurement  angle,  a  remarkably  high  temperature 
increase  was  noticed  in  the  temperature  Tq  meas¬ 
ured  with  the  two  colour  pyrometer  at  the  angle  of 
67.5°.  The  reason  of  different  of  two  pyrometers 
has  not  been  clarified  yet. 


a(°) 

T,  (°C) 

Tq  (°C) 

22.5 

1003 

986 

45.0 

1003 

992 

67.5 

1006 

1049 

Table  5.  Surface  temperatures  measured 
with  pyrometers  under  different  an¬ 
gles  in  the  DLR  solar  furnace 


9.5  Different  application  of  the  IR-camera  at 
LBK 

As  mentioned  before  IR-thermograpy  provides  a 
temperature  map  of  the  surface  and  allows  a  quick 
judgement  concerning  the  gas  surface  interaction. 
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A  detailed  post-analysis  of  the  measured  data  and 
corrections  in  terms  of  the  surface  emissivity  and 
transmittance  of  the  optical  windows  or  the  atmos¬ 
phere  can  be  done  using  sophisticated  software  of 
these  systems.  The  complementary  surface  tem¬ 
perature  measurement  using  a  spectral  pyrometer,  a 
two  colour  pyrometer  and  an  IR-camera  in  LBK 
facilities  increase  the  reliability  of  the  experimental 
data  significantly. 

Figure  15  shows  the  measured  temperature  distri¬ 
bution  on  a  flap  model  with  a  gap  between  the  plate 
and  flap  representing  the  hinge  line  area  of  the  X- 
38  demonstrators  in  LBK.  The  hot  structure  made 
of  C/SiC  is  integrated  in  a  water  cooled  metal 
model  holder.  In  order  to  avoid  heat  losses  from  the 
model  to  the  holder  an  insulation  material  was  used 
at  the  interfaces  of  the  model  to  the  holder  nose  and 
side  plates.  Because  of  its  lower  radiation  cooling 
and  higher  catalysis  the  surface  temperature  of  the 
insulation  material  is  much  higher  than  the  model 
surface.  But  it  should  be  mentioned  that  this  IR- 
picture  is  produced  for  the  emissivity  value  of  the 
C/SiC  material  (e  =  0.8).  Since  the  emissivity  of 
the  insulation  material  in  the  spectral  range  of  the 
IR-camera  (7.5-13  pm)  is  around  0.95  the  real  tem¬ 
perature  of  the  front  part  is  about  280  K  lower  than 
the  temperature  shown  in  the  Fig.  16.  Another  im¬ 
portant  point  is  the  temperature  development  in  the 
gap,  which  is  heated  due  to  the  high  enthalpy  gap 
forced  by  the  pressure  difference  between  the  up¬ 
per  and  lower  surface  of  the  model  at  30°  angle  of 
attack.  Since  the  gap  front  and  rear  walls,  which 
make  nearly  90%  of  its  complete  radiation  surface, 
have  a  very  small  radiation  angle,  the  gap  behaves 
like  a  black  body.  Therefore  the  effective  emissiv¬ 


ity  is  larger  than  0.85,  which  would  mean  a  lower 
gap  temperature  of  the  gap  compared  to  the  value 
given  in  the  IR-picture.  The  data  of  thermocouples 
integrated  in  the  gap  confirmed  this  result.  This  IR- 
image  shows  clearly  that  the  flow  filed  around  the 
model  is  two  dimensional,  which  was  a  very  im¬ 
portant  criteria  for  the  test  campaign.  Although  the 
temperature  gradients  are  smeared  as  a  result  of  the 
lateral  heat  conduction  inside  the  C/SiC  material, 
the  measured  surface  temperature  increase  in  the 
front  part  of  ramp  is  directly  correlated  to  the  con¬ 
vective  heating  behind  the  re-attachment  shock  on 
the  ramp.  Comparative  measurement  of  the  surface 
temperature  of  a  spot  on  the  ramp  using  spectral 
and  two  colour  pyrometers  with  a  spectral  range 
around  1  pm  provided  an  emissivity  of  0.85  for  this 
wavelength.  These  results  were  confirmed  with  the 
data  of  the  manufacturer. 


Figure  15.  IR-image  of  a  flap  model  in  LBK 
(flow  from  right) 

During  qualification  tests  of  the  OHB  aerothermo- 
dynamic  measurement  system  for  the  first  X-38 
demonstrator,  the  IR-image  provided  a  very  im¬ 
portant  result.  As  it  can  be  seen  on  the  Fig.  16,  the 
heat  flux  sensor  integrated  in  the  centre  of  the 
flexible  insulation  material  (FEI)  with  a  protective 
coating  reaches  a  lower  surface  temperature  than 
FEI  after  a  testing  time  of  25  minutes.  It  is  caused 
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due  to  the  stronger  radiative  cooling  of  the  sensor 
and  its  heat  sink  effect  resulting  from  a  high  heat 
conductivity  and  large  heat  capacity  of  the  sub¬ 
structure.  Again  a  correct  emissivity  value  of  each 
surface  component  has  to  be  used,  in  order  to  de¬ 
duce  the  real  surface  temperature.  Fig.  16  shows 
the  correct  temperature  of  the  FEI-material  for 
s  =  0.8. 


Figure  16.  IR-image  of  the  OHB  aerothermo- 
dynamic  system  in  the  flow  field  of 
LBK  (flow  from  left) 


Figure  17  shows  the  IR-image  of  a  C/C-SiC  model 
with  gap  components  representing  the  interface  be¬ 
tween  the  nose  cap  and  TPS  nose  skirt  of  the  X-38 
demonstrator  in  L3K  [12,13], 

D0.0°C 

-  1500 
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Figure  17.  IR-image  of  the  nose  cap  and  nose 
skirt  interface  model  in  L3K  (flow 
from  right) 


Besides  its  useful  information  about  the  tempera¬ 
ture  development  in  the  gap  region,  the  IR-image 
confirms  the  two  dimensionality  of  the  flow.  The 
temperature  development  of  a  spot  about  10  mm 
upstream  of  the  gap  was  measured  using  a  spectral 
pyrometer  and  a  two  colour  pyrometer  (Fig.  18). 


Figure  18.  Surface  temperature  development 
measured  with  a  spectral  pyrometer 
and  a  two  colour  pyrometer  on  a 
C/C-SiC  model  in  L3K 


The  analysis  of  the  measured  surface  temperatures 
with  pyrometers  and  IR-camera  simultaneously  in¬ 
dicates  a  lower  emissivity  value  of  0.8  of  the  C/C- 
SiC  material  at  a  spectral  range  of  7.5-13  pm  com¬ 
pared  to  the  emittance  of  0.85  around  1  pm,  which 
is  the  spectral  range  of  the  pyrometers. 

Another  IR  image  of  the  same  model  at  a  different 
test  configuration  showed  a  similar  temperature 
development  in  the  gap  region,  but  indicated  an 
overheating  in  the  edge  region  of  the  model  holder 
(Fig.  19).  The  test  was  performed  at  an  angle  of 
attack  of  50°.  It  seems  that  even  on  a  two  dimen¬ 
sional  model  at  such  high  angles  of  attack  some 
three  dimensional  flow  phenomena  occur  and  lead 
to  severe  heat  loads.  The  test  was  interrupted  based 
on  the  temperature  development  measured  with  the 
IR-camera.  Finally  an  unexpected  damage  to  the 
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model  and  model  holder  was  avoided  by  means  of 
IR-images. 


Figure  19.  IR-image  of  the  nose  cap  and  nose 
skirt  interface  model  in  L3K  (flow 
from  right) 

10.  Concluding  remarks 

Although  the  accuracy  and  reliability  of  the  surface 
temperature  measurements  using  pyrometers  and 
IR-cameras  have  been  improved  significantly,  fur¬ 
ther  development  is  necessary  for  some  scientific 
applications.  As  mentioned  before  the  very  short 
testing  time  of  few  milliseconds  of  shock  tunnels 
and  hot  shot  facilities  requires  the  use  of  IR-devi- 
ces  with  a  very  fast  response  time  of  some  micro¬ 
seconds  to  measure  the  surface  temperature  devel¬ 
opment  of  test  models  in  these  facilities.  Another 
key  issue  is  the  determination  of  the  mostly  un¬ 
known  emissivity  of  materials  and  the  investigation 
of  its  selective  behaviour.  The  two  and  more  colour 
techniques,  which  are  useful  tools  for  the  tempera¬ 
ture  measurements  on  grey  surfaces,  are  not  suffici¬ 
ent  to  determine  the  emissivity  of  selective  materi¬ 
als  with  high  accuracy.  Complementary  measure¬ 
ment  of  the  thermal  radiation  and  surface  reflec¬ 
tance  of  the  model  could  be  an  important  contribu¬ 
tion  to  the  improvement  of  the  accuracy  and  deter¬ 
mination  of  the  emissivity. 
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